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ABSTRACT
Investigation of Initiation of Reverse Transcription in Retroviruses Using Vectors
with Two Primer-Binding Sites
Yegor A. Voronin
Initiation of reverse transcription in retroviruses occurs on a specific place in viral
genome, called primer-binding site (PBS). Cellular tRNA is annealed to the
complementary PBS and is used as a primer. We constructed murine leukemia virus
(MLV)- based vectors containing two PBSs, one in normal position and another in the
middle of the vector. Green fluorescence protein (GFP) gene was inserted between the
two PBSs. The internal PBS was derived from a spleen necrosis virus (SNV), which uses
the same tRNA-Pro as a primer. We have shown that the internal PBS was functional for
initiation of reverse transcription. Replication of vectors containing two functional PBSs
is expected to result in deletion of sequences between the two PBSs if initiations on these
two sites occur simultaneously. The deletion was detected in 20-30% of infected cells by
the GFP-negative phenotype and by direct Southern blotting analysis of DNA of infected
cells. This indicated that a single virion has the capacity to initiate reverse transcription
more than once. In order to find the efficiency of initiation of a single PBS we
constructed a mathematical model, which provided a relationship between several
parameters of retroviral replication and the outcome of reverse transcription of vectors
with two PBSs. Using this model we found that efficiency of initiation at MLV and SNV
PBS is 35-50%. Next, we constructed human immunodeficiency virus type 1 (HIV-1)based vectors with two PBSs by inserting human immunodeficiency virus type 2 (HIV-2)
PBS in the middle. Again, the internal PBS was found functional and simultaneous
initiations were occurring in 22-24% of all infections. This system was used to analyze
the effects of mutations within HIV-2 PBS region on the efficiency of initiation. By
using wild type HIV-1 PBS (present in the same vector) as internal control we were able
to get accurate quantitative measurements of initiation efficiency at mutant HIV-2 PBS.
Our results indicated that U5-IR stem of HIV-2 plays a very important role in initiation.
Also, additional interactions between tRNA and viral genome, proposed for HIV-1, were
found to be important for HIV-2 inititation, indicating that these two viruses use similar
mechanisms to achieve specific and efficient initiation of reverse transcription.
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Chapter I.
Literature Review

1

A. Introduction
1.

Overview of retroviral life cycle
Retroviruses are positive strand RNA viruses, replicating through a double-stranded

DNA intermediate (Coffin, Hughes, and Varmus, 1997; Gilboa et al., 1979). The
replication cycle of retroviruses can be separated into two phases (Fig. 1). In the first
phase, the viral particle fuses with cellular membrane and introduces its RNA-protein
complex into the cytoplasm of a cell. Viral enzyme reverse transcriptase (RT) converts
genomic RNA into a double stranded DNA (Baltimore, 1970; Temin and Mizutani, 1970)
and viral integrase (IN) inserts the DNA into a chromosome of the host cell (Donehower
and Varmus, 1984; Quinn and Grandgenett, 1988), forming a provirus (Temin, 1976). In
the second phase, the cellular machinery transcribes the provirus, and the resulting RNA
is translated to generate viral proteins. These proteins specifically assemble into
multimeric complexes, package genomic RNA and bud from the cellular membrane
forming a new progeny of viruses (Coffin, Hughes, and Varmus, 1997).

2.

Genome structure of retroviruses
Genomes of all retroviruses contain several common features (Fig. 2A). There are

three major genes, called gag, pol, and env, which encode structural proteins, viral
enzymes and envelope proteins, respectively. The ends of the genome, in its DNA form,
contain repeated sequences, called long terminal repeats (LTRs). They are divided into
3´ unique (U3), repeat (R) and 5´ unique (U5) regions. In their RNA form, viral genomes
contain R and U5 regions at the 5´ end and U3 and R regions at the 3´ end. Also
common to all retroviruses are primer-binding site (PBS) and polypurine tract (ppt),
which serve for initiation of plus- and minus-strand DNA synthesis, respectively
(Cobrinik, Soskey, and Leis, 1988; Coffin, Hughes, and Varmus, 1997; Gilboa et al.,
1979). The first 8-12 nucleotides synthesized during minus- and plus-strand DNA
synthesis are called attachment sites (att sites) (Cobrinik et al., 1991; Cobrinik et al.,
1987; Colicelli and Goff, 1985; Colicelli and Goff, 1988; Panganiban and Temin, 1983).
After completion of reverse transcription these sites appear at the ends of viral DNA and
are used by integrase to insert the DNA into the genome of the host cell.
2
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FIG. 1. Overview of retroviral life cycle.
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Complex retroviruses (including HIV-1) have additional genes that are not present in
the genomes of simple retroviruses (Fig. 2B). These are called accessory genes, due to
the fact that early experiments found many of them to be dispensable for viral replication
in tissue culture. However, since then functions of these proteins have been discovered
and were determined to be extremely important for viral replication in vivo. All of these
genes are expressed from extensively spliced versions of full viral mRNA (Seiki et al.,
1983; Trono, 1995). The protein encoded by vif gene has been recently discovered to
protect viral DNA from massive deamination of cytidines caused by the action of cellular
protein APOBEC3G (Mangeat et al., 2003; Mariani et al., 2003; Zhang et al., 2003). The
vif protein prevents incorporation of the APOBEC3G into HIV-1 virions (Harris et al.,
2003). The role of the Vpr protein is to arrest cell cycle of the infected cell in G2 phase
(He et al., 1995; Rogel, Wu, and Emerman, 1995), when expression from HIV LTR
promoter is maximal (Goh et al., 1998). The transcription from the promoter is
facilitated by another viral protein, Tat, which relieves a block in elongation of transcripts
initiated at the LTR promoter (Kao et al., 1987). The mRNA of HIV-1 can be spliced in a
number of ways to generate different proteins. However, it is the complete mRNA that is
packaged into the assembling virion and transferred to the next target cell. Viral protein
Rev facilitates RNA export from the nucleus in the unspliced form by binding to a
specific sequence in viral RNA, called Rev-response element (RRE) (Dayton et al., 1988;
Zapp and Green, 1989). Nuclear export signal of Rev is recognized by Crm1 protein,
which mediates Rev interaction with nuclear pore complex necessary for export of
unspliced RNA (Neville et al., 1997). The Vpu protein has at least two functions in viral
life cycle. First, it helps to prevent re-infection of already infected cells by inducing
degradation of CD4 receptor within endoplasmic reticulum of infected cells (Bour,
Schubert, and Strebel, 1995; Willey et al., 1992a; Willey et al., 1992b). Second, it
generally enhances virion release through a yet unidentified mechanism (Klimkait et al.,
1990; Strebel et al., 1989; Terwilliger et al., 1989). The multiple functions of Nef protein
are currently under extensive investigation (see review by Greenway et al., 2003 and
references therein). Its primary effect is down-regulation of multiple cellular surface
receptors, including CD4, CD28 and MHC class I receptors. It also interacts with many
signaling pathways, including TcR, p53, Src and PAK2 family kinases, causing the cell
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to lose some of its surface markers and preventing the cell from going through apoptosis.
The combined goal of these Nef functions seems to be the improved survival of infected
cells in the context of an active immune response. There have been several reports of one
more gene present in HIV-1 genome in anti-sense orientation relative to the rest of the
genes (Michael et al., 1994; Vanhee-Brossollet et al., 1995). It overlaps the env gene and
its product is detected in HIV-infected individuals and cell lines (Briquet et al., 2001;
Briquet and Vaquero, 2002). The function of this protein is yet to be discovered.
In addition to accessory proteins, HIV is known to contain additional sites for plusstrand DNA synthesis initiation and termination, called cPPT and CTS, respectively,
which are located in the middle of HIV genome (Charneau et al., 1994). The importance
of these two elements is still unknown. Oncoretroviruses, such as RSV, contain modified
versions of cellular genes, which confer cell-transforming activity (Schwartz, Tizard, and
Gilbert, 1983).
3.

Retroviral vectors
Once a retroviral virion is assembled and released by a producer cell, it can infect a

target cell. All components necessary to complete the viral life cycle to the stage of
provirus are present in the virion. These components can be separated into cis-acting,
which constitute specific features of a viral RNA genome and trans-acting, which are
comprised of all the structural proteins and viral enzymes. All of the viral proteins may
be provided in producer cells (also called helper cells) from a separate expression vector
and, therefore, the viral sequences coding for these proteins may be replaced with genetic
material of our choice (Fig. 3) (Markowitz, Goff, and Bank, 1988; Miller et al., 1991).
This feature of retroviral genomes allows expression of genes up to 8-10 kb in length and
makes them very popular for gene transfer studies.
Several RNA sequences are absolutely required for reverse transcription and
integration of all retroviral vectors. These sequences include primer-binding site (PBS),
polypurine tract (ppt), 5´ and 3´ repetitive regions (R) and attachment sites (att sites).
The specific roles of these sequences are described below in the section devoted to the
reverse transcription process. The packaging signal Ψ (or E) should be present in a
retroviral vector to mediate its packaging into the virion during the assembly process
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A. MLV genome
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B. HIV genome
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FIG. 2. Comparison of MLV and HIV-1 genomes. att – attachment site, PBS –
primer-binding site, ppt – polypurine tract, cPPT – central PPT, CTS – central
termination site. Dotted lines show protein-coding sequences joined during
splicing.
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att

(Mann, Mulligan, and Baltimore, 1983). Other viral sequences are necessary for efficient
protein expression from a retroviral vector; however, they can be replaced with
functionally analogous heterologous sequences. For example, sequences in the U3 region
used as promoter for RNA-Pol II-dependent transcription may be replaced by a
heterologous promoter (Overell, Weisser, and Cosman, 1988), while sequences in the R
region contain a polyadenylation signal, which can also be substituted with a
heterologous analog (Iwasaki and Temin, 1990a; Iwasaki and Temin, 1990b; Iwasaki and
Temin, 1992). The use of internal ribosomal entry sites (IRESs) is a valid alternative to
heterologous promoters, since it allows expression of multiple coding regions from a
single transcript (Adam et al., 1991; Koo et al., 1992).
4.

Reverse transcription
In their replication cycle, retroviruses go through reverse transcription – conversion

of single-stranded RNA into double-stranded DNA (Baltimore, 1970; Lovinger et al.,
1975; Temin and Mizutani, 1970; Varmus et al., 1978). This is a complex process,
consisting of multiple steps and involving two obligatory transfers of the newly
synthesized DNA from its original location to a different place in the viral genome. RT
possesses two separate enzymatic activities: DNA polymerase activity, responsible for
RNA- or DNA-dependent DNA synthesis and RNase H activity, responsible for the
degradation of the copied RNA, which is present in the RNA-DNA heteroduplex (Krug
and Berger, 1989; Oyama et al., 1989).
A primer is absolutely required by RT for initiation of the DNA synthesis (Dahlberg
et al., 1974; Hurwitz and Leis, 1972; Leis and Hurwitz, 1972). All known retroviruses
use cellular tRNAs as primers for initiation of reverse transcription (Mak and Kleiman,
1997; Waters and Mullin, 1977). The primer is annealed to a specific region on the viral
genome, called primer-binding site (PBS) (Ratner et al., 1985) (Fig. 4A). Upon initiation
of reverse transcription the U5 and R sequences are copied into DNA (Fig. 4B). This
short DNA product is known as minus-strand strong-stop DNA. It is transferred to the 3′
end of the genome through homology between DNA copy of 5´ R and RNA copy of 3´ R
regions (Fig. 4C). The RNase H domain is believed to facilitate the transfer by quick
degradation of the RNA copy of the 5´ R region, which leaves the
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FIG. 3. Retroviral vectors and helper cells. Helper cells provide proteins necessary
to package the vector RNA and form viral particle. Vector RNA is specifically
packaged into virions due to the presence of the packaging signal E. After
infection, vector cannot spread further, because target cells do not express viral
proteins.
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DNA copy available for base-pairing with the 3´ R (Artzi et al., 1996). The transfer is
greatly affected by the presence of the nucleocapsid protein (NC), which acts as a
nucleic acid chaperone (Guo et al., 1997; Rodriguez-Rodriguez et al., 1995; Tsuchihashi
and Brown, 1994). Minus-strand synthesis continues through the rest of the viral genome
and stops after copying the PBS sequence, because the U5 and R regions of viral RNA
have been already degraded (Fig. 4D). As polymerization occurs, RT-associated RNase
H degrades the RNA template.
Majority of the cuts made by RNase H are not sequence specific, except for a short
region of RNA located immediately upstream of 3´ U3 region, called polypurine tract
(PPT) (Finston and Champoux, 1984; Rattray and Champoux, 1989). This region is
specifically preserved by RNase H and serves as a primer for initiation of the plus-strand
DNA synthesis (Fig. 4D). The minus strand is used as a template to synthesize plusstrand DNA that contains U3, R, and U5 sequences. However, RT does not stop at the
end of U5, but continues to copy tRNA, which is still attached at the 3´ end of minusstrand DNA. It stops after encountering the first modified base of the tRNA (Gilboa et
al., 1979; Renda et al., 2001) and the resulting DNA fragment is called plus-strand
strong-stop DNA. The sequence copied from the tRNA is complimentary to the PBS
sequence of the minus-strand DNA, which is utilized during the second obligatory strand
transfer (Fig. 4E). Once this transfer has occurred, DNA synthesis proceeds in both
directions producing the dsDNA intermediate with LTRs at both ends (Fig. 4F). In this
final step, RNase H removes the tRNA primer and PPT from 5´ ends of the DNA. The
DNA copy is longer than the RNA genome of the virus and contains directly repeated
sequences at the ends.
B. Initiation of reverse transcription
As it was already mentioned, most retroviruses use cellular tRNA as a primer for
reverse transcription. The tRNA is specific for each virus and is selectively packaged
into virions during viral assembly. At some point before infection, the tRNA is annealed
to PBS (this process is called tRNA placement). This process is facilitated by viral
proteins and depends on specific interactions between the primer tRNA and viral RNA
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genome. The secondary (and, possibly, tertiary) structure of PBS-surrounding regions is
very important for correct tRNA placement and for efficient initiation of reverse
transcription.
1. Primers for reverse transcription
All known retroviruses use a host cell tRNA as a primer for initiation of reverse
transcription. The nature of the tRNA depends on the virus: avian retroviruses use
tRNATrp, mammalian retroviruses use tRNAPro or tRNALys and a fish retrovirus uses
tRNAHis (Table 1). Most retrovirus-like endogenous elements also use a tRNA as a
primer. However, they appear to have more diversity in tRNA selection and length of
PBS. The shortest PBS is only 8 nucleotides in length, which is very close to the
minimal length (6 nucleotides) sufficient for initiation of reverse transcription (Das and
Berkhout, 1995; Wakefield, Rhim, and Morrow, 1994). Some of the retrotransposons
(Ty5) utilize an unusual initiation mechanism, such as utilization of only a fragment of
tRNAMet-I (initiator tRNA), which is cleaved off through an unknown mechanism (Ke et
al., 1999). Other transposons anneal their own 5´-terminal region to the PBS, which is
then cleaved off and used as a primer (Lin and Levin, 1997; Lin and Levin, 1998).
Interestingly, their primer-PBS secondary structure resembles that of tRNA-PBS of
normal retroviruses and retrotransposons, suggesting that these elements originally used
tRNA as a primer and later evolved to mimic the same structure using their own 5´terminal regions. Finally, it should be noted that not all viruses progressing through
reverse transcription in their life cycle use tRNA or tRNA-like sequences to initiate DNA
synthesis. The hepadnavirus family viruses (such as hepatitis B virus) utilize OH-group
of a tyrosine residue of the polymerase protein to initiate reverse transcription (Tavis and
Ganem, 1993; Wang and Hu, 2002). So far, this mechanism of DNA-synthesis priming
appears to be unique for this family of viruses.
2.

The packaging of the primer tRNA
RT-deficient viruses do not specifically package primer tRNA ( Levin and Seidman,

1981; Mak et al., 1994; Peters and Hu, 1980; Sawyer and Hanafusa, 1979). RT is
expressed as a part of a large gag-pol polyprotein, which is processed into smaller
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Table 1: Primers used for initiation of reverse transcription1.
Virus name
Avian sarcoma leukosis viruses

Primer
tRNA-Trp

PBS length
18

Murine leukemia virus
Reticuloendotheliosis virus
Bovine leukemia virus
Human T lymphotropic virus
Simian sarcoma virus
Feline leukemia virus
Gibbon ape leukemia virus
Baboon endogenous virus

tRNA-Pro
tRNA-Pro
tRNA-Pro
tRNA-Pro
tRNA-Pro
tRNA-Pro
tRNA-Pro
tRNA-Pro

18
18
18
18
18
18
18
18

Mason-Pfizer monkey virus
Simian retrovirus 1,2
Visna lentivirus
Human spumaretrovirus
Squirrel monkey retrovirus
Caprine arthritis encephalitis virus

tRNA-Lys-1,2
tRNA-Lys-1,2
tRNA-Lys-1,2
tRNA-Lys-1,2
tRNA-Lys-1,2
tRNA-Lys-1,2

18
18
18
18
18
18

Human immunodeficiency virus 1,2
Feline immunodeficiency virus
Mouse mammary tumor virus
Equine infectious anemia virus
Simian immunodeficiency virus

tRNA-Lys-3
tRNA-Lys-3
tRNA-Lys-3
tRNA-Lys-3
tRNA-Lys-3

18
18
18
18
18

Walleye dermal sarcoma virus (fish)

tRNA-His

18

S. cerevisiae transposons:
Ty1, Ty2, Ty3
Ty4
Ty5
Tf1

tRNA-Met-i
tRNA-Asn
Fragment of tRNA-Met-i
Self-priming

8 or 10
10
13

Drosophila transposons:
gypsy family
copia family

tRNA-Lys, Ser, Arg
Fragment of tRNA-Met-i

11 or 18
18

Hepadnaviruses

Tyrosine of Pol protein

N/A2

1

(Holzschu et al., 1995; Leis, Aiyar, and Cobrinik, 1993; Mak and Kleiman, 1997)

2

N/A – not applicable, virus does not use PBS.
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proteins shortly after virion budding. Packaging of tRNA coincides with virus assembly
and, therefore, should involve interactions with RT as part of the polyprotein. This is
supported by the fact that protease-inhibited HIV packages tRNALys3 at a wild-type level
(Mak et al., 1994).
RT is divided into several domains, which are called fingers (at the N-terminus),
palm, thumb, connection, and RNase H (at the C-terminus) (Kohlstaedt et al., 1992). The
thumb domain of HIV-1 RT has been implicated in interactions with tRNALys3 both in
vivo (Kohlstaedt et al., 1992) and in vitro (Arts et al., 1998; Dufour et al., 1999; Mishima
and Steitz, 1995). The region of tRNA involved in the interaction is not well-defined
with contradicting reports arguing for (Arts et al., 1998; Mishima and Steitz, 1995) and
against (Khorchid et al., 2000) the anticodon loop.
3.

Placement of the tRNA on the PBS
After the primer tRNA is packaged, it should be placed on the genomic RNA. The

placement requires unwinding of tRNA’s acceptor (AC) and TΨC arms and annealing to
PBS and surrounding regions. This process is mediated by viral proteins, but the identity
of the proteins is different for different viruses. In ALV this activity requires RT, while
in MLV deletions of 17 C-terminal amino acids of gag (corresponds to the NC domain)
led to defects in tRNA placement (Fu et al., 1997). In HIV-1, the placement is also
performed by RT, which has to be present in the processed form, in sharp contrast to
requirements for tRNA packaging (Liang et al., 1997). NC is divided into N- and Cterminal basic regions and central Cys-His domain (also called the zinc-finger domain).
HIV-1 NC has two Cys-His domains, which are connected with the linker region. The
protein has been implicated in many processes in viral life cycle, including packaging of
viral RNA, facilitating obligatory jumps and improving overall efficiency of reverse
transcription. So far, there have been no reports indicating that NC is involved in specific
packaging of primer tRNA. On the other hand, multiple reports indicate that NC plays an
important role in the correct placement of the primer tRNA on the PBS (De Rocquigny et
al., 1992; Li et al., 1996; Prats et al., 1991; Rong et al., 1998). Experiments in vitro with
NC mutated in different regions have shown that this activity depends primarily on the
basic regions of NC and not on the presence of Cys-His boxes in both MLV and HIV
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(Darlix et al., 1995; De Rocquigny et al., 1993; De Rocquigny et al., 1992; Feng et al.,
1996; Lapadat-Tapolsky et al., 1995; Muller et al., 1994; Rein, Henderson, and Levin,
1998).
4.

Structure of tRNA-PBS complex
In general, the secondary structure of PBS-surrounding regions is conserved among

retroviruses (Fig. 5). Sequences in the U5 region base-pair with sequences 3´ of PBS
forming a U5-leader stem, while base-pairing of inverted repeats within U5 forms the
second stem, known as the U5-IR stem (Fig. 5A). In the absence of tRNA, the PBS also
interacts with U5 sequences; however, these interactions have to be disrupted to make it
available to bind the 3´ end of the primer tRNA. Aside from the major interaction site,
which involves 18 nt of PBS, tRNA has been proposed to make additional contacts with
the viral genome (Aiyar et al., 1992; Boulme et al., 2000; Cobrinik, Soskey, and Leis,
1988; Freund et al., 2001; Morris et al., 2002), which will be discussed later.
Since the PBS is directly involved in the initiation process, multiple studies addressed
its role by introduction of mutations either directly in the PBS or in the surrounding
regions. The results of PBS mutagenesis are sometimes difficult to interpret due to the
fact that it is involved in two separate events in reverse transcription. First it is used to
initiate minus-strand synthesis and later its sequence is used to mediate plus-strand
strong-stop DNA transfer (Fig. 4).
Complete deletion or mutation of PBS results in a virus that is not capable of
initiation of reverse transcription (Das, Klaver, and Berkhout, 1995; Mikkelsen et al.,
1996; Nagashunmugam et al., 1992; Rhim, Park, and Morrow, 1991; Wakefield, Rhim,
and Morrow, 1994). Smaller mutations have shown that not all 18 nucleotides are
absolutely required for PBS function. The 5´ portion of HIV-1 PBS was found to be
more important than the 3´ portion (Rhim, Park, and Morrow, 1991; Wakefield, Rhim,
and Morrow, 1994). This region is involved in the annealing of the 3´ terminal end of the
primer tRNA and initiation of minus-strand synthesis. As little as six nucleotides were
sufficient to allow infrequent rescue and reversion of HIV-1 mutants to wild-type
phenotype (Wakefield, Rhim, and Morrow, 1994). However, when the plus-strand
transfer acceptor function of PBS was specifically restored by introduction of acceptor
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like sequences downstream of PBS, the virus replication was rescued to almost wild-type
level. This experiment indicated that six nucleotides in the 5´ portion of HIV-1 PBS are
sufficient to mediate efficient initiation of reverse transcription. A similar study by a
different group (Das and Berkhout, 1995) reached essentially the same conclusion.
Among multiple deletion and insertion mutants of HIV-1 PBS, those that harbored the
disruption of tRNALys3-PBS interactions within the six nucleotides in the 5´ portion of
PBS were the most severely affected. Experiments in simple retroviruses, such as SNV,
also demonstrated that mutations in the 3´ part of the PBS affected mostly elongation of
plus-strand synthesis after plus-strand DNA transfer and had little effect on initiation
(Pulsinelli and Temin, 1994). It should be noted that the shortest PBS found in nature (in
some retroelements) is 8 nucleotides long (Table 1).
Another approach to investigation of PBS function is to mutate its sequence to be
complementary to a tRNA, which is not normally used by the virus. HIV-1 PBS
sequence, which is normally annealed to tRNALys3, has been mutated to accept tRNAHis,
tRNAIle, tRNALys1, 2, tRNAPhe, tRNAPro, or tRNATrp (Das, Klaver, and Berkhout, 1995;
Wakefield, Kang, and Morrow, 1996). These mutant viruses were able to replicate using
corresponding tRNAs, however with lower kinetics than wild type. After multiple cycles
of replication all viruses reverted back to using tRNALys3 as their primer. In two distantly
related viruses, SIV and MLV, it was shown that an artificial tRNA (tRNAX2pro),
designed to differ from any other known tRNAs, can be used to initiate reverse
transcription at almost wild-type levels if the PBS sequence is mutated to allow basepairing with such tRNA (Hansen et al., 2001; Lund et al., 1997). These results indicate
that selection of primer tRNA is flexible and can be directed to other tRNAs, albeit with a
lower efficiency.
The major reason for the decreased efficiency of unconventional tRNA utilization as
compared to the native tRNA appears to involve specific interactions of tRNA with
sequences beyond the PBS. When 18 3´-terminal nucleotides of tRNAX2pro were
introduced in tRNAlys3 context (resulting in tRNAX2lys3), the HIV-1 viral titers increased
three- to four-fold (Hansen et al., 2001). This indicated that regions besides 18 3´terminal nucleotides affected the efficiency of initiation.

16

When HIV-1 PBS is mutated to complement tRNAHis, it quickly reverts back to
tRNALys3. If the viral sequence, called A-loop, proposed to interact with anticodon loop
of tRNA (Fig. 5C and 5D), was mutated to be complementary to anticodon of tRNAHis,
the mutant remained stable in tissue culture for as long as 12 passages (over 4 months)
(Wakefield, Kang, and Morrow, 1996). However, this was not the case with PBS
mutants designed to interact with anticodon loops of tRNAIle, tRNAPro and tRNATrp.
These mutants slowly reverted to tRNALys3 utilization (Kang, Wakefield, and Morrow,
1996), indicating that tRNA-PBS interactions are complex and not limited to PBS and Arich loop of viral genome. This idea is supported by the finding that tRNAHis-adapted
viruses contained multiple additional changes in the U5 region, which were essential for
efficient initiation of reverse transcription (Li et al., 1997b; Zhang et al., 1998; Zhang,
Kang, and Morrow, 1998). A possible role for these changes is suggested by experiments
with yeast tRNAPhe-adapted HIV-1, in which TΨC loop of tRNA has been shown to be
important for initiation (Yu and Morrow, 2001). This loop is proposed to interact with
the U5-portion of the U5-leader stem, which has been named Primer Activation Signal
(Beerens and Berkhout, 2002; Beerens, Groot, and Berkhout, 2001) (Fig. 5). However, it
should be noted that recent results of in vitro chemical probing of HIV-1 PBS region in
the presence and in the absence of the tRNA argue against direct tRNA-PAS interactions
(Goldschmidt et al., 2003).
The functional role of stems surrounding PBS is well established by experiments in
ASLV (Cobrinik et al., 1991; Cobrinik, Soskey, and Leis, 1988). Substitution mutations
disrupting either the U5-leader or the U5-IR stems led to delayed viral replication, which
could be attributed to a decrease in the level of initiation of reverse transcription.
Introduction of compensatory mutations that restored the structure, but contained a
sequence different from wild type, restored the virus replication capacity. Deletion
mutation in U5, which prevented formation of U5-IR stem, resulted in similar phenotype
in MLV (Murphy and Goff, 1989).
The U5-IR stem of HIV-1 is very sensitive to mutations affecting its stability. Both
destabilization and stabilization of this structure had profound effects on virus replication,
suggesting that its stability is optimized in wild-type virus to allow efficient initiation of
reverse transcription (Beerens and Berkhout, 2000; Beerens, Groot, and Berkhout, 2000).
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In both studies, the effect was attributed not to decrease in initiation efficiency per se, but
to a decrease in the placement of the tRNA primer onto the PBS.
Studies in RSV (Aiyar, Ge, and Leis, 1994) have shown that stems are not the only
requirements for efficient initiation. Regions between the stems (spacer regions) were
found to be very sensitive to insertions and deletions, while substitutions were tolerated.
This result indicated that specific lengths of the spacer regions are required for RSV PBS
function.

Interestingly, in HIV-1, deletion of a 7 nt segment located immediately

downstream of PBS (analogous to one of the spacer regions of RSV) resulted in wildtype kinetics of viral replication (Li et al., 1997a).
C. Overview of thesis
This dissertation was aimed to investigate the process of initiation of reverse
transcription in retroviruses. A new kind of retroviral vector, containing two PBSs, was
designed and constructed for a simple retrovirus (MLV) and a lentivirus (HIV-1). In
Chapter II, it is shown that both PBSs were functional in the MLV-based vector S-2PBS.
Moreover, it is shown that the two PBSs were used simultaneously during infection in a
large proportion of virions, which indicated that initiation capacity of wild-type virions is
present in excess to the number of initiation sites. In Chapter III, it is shown that
initiation process in vectors with two PBSs can be described using probability model for
PBS utilization. The developed mathematical model allowed prediction of initiation
efficiency of a single PBS for a wide range of assumptions about the reverse transcription
process. Finally, in Chapter IV, HIV-1-based vector with two PBSs is constructed. It is
shown that vectors with two PBSs can be used to quantitatively study the effects of
mutations in PBS and surrounding regions on the initiation efficiency. The previously
proposed interactions of tRNA with genomic RNA of HIV-2 were tested by construction
of a panel of HIV-2 PBS region mutants and quantitative measurements of their effects
on initiation of reverse transcription.
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A. Abstract
Retroviruses package two copies of viral RNA into each virion. Although each RNA
contains a primer-binding site for initiation of DNA synthesis, it is unknown whether
reverse transcription is initiated on both RNAs. In order to determine whether a single
virion is capable of initiating reverse transcription more than once, we constructed a
murine leukemia virus-based vector containing a second primer-binding site (PBS)
derived from spleen necrosis virus and inserted the green fluorescent protein gene (GFP)
between the two PBSs. Initiation of reverse transcription at either PBS results in a
provirus that expresses GFP. However, initiation at both PBSs can result in the deletion
of GFP, which can be detected by flow cytometry and by Southern blotting analysis.
Approximately 22-29% of the proviruses formed deleted the GFP in a single replication
cycle, indicating the minimum proportion of virions that initiated reverse transcription on
both PBSs. These results show that a significant proportion of MLV-based vectors
containing two PBSs have the capacity to initiate reverse transcription more than once.
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B. Introduction
Retroviral particles contain two copies of viral genomic RNA. The RNA is converted
into double-stranded genomic DNA by the virally encoded reverse transcriptase (RT)
shortly after the virus enters the host cell (Baltimore, 1970; Temin and Mizutani, 1970).
All retroviruses use a cellular tRNA as a primer for initiation of reverse transcription and
each virus uses a particular tRNA, which is specifically packaged into virion (Harada et
al., 1975; Leis et al., 1993; Mak and Kleiman, 1997; Peters et al., 1977; Ratner et al.,
1985). The tRNA used to initiate DNA synthesis is partially melted and its 3´ end is
annealed by virtue of its complementarity to 18 nucleotides of a viral sequence called the
primer-binding site (PBS) shortly after virion formation (Cen et al., 2000; Fu et al., 1997;
Huang et al., 1998).
The components necessary for reverse transcription appear to be available in viral
particles in excess of the amounts necessary to initiate and complete DNA synthesis.
Each virion contains approximately 75-150 molecules of RT (Bauer and Temin, 1980;
Levin et al., 1993; Panet and Kra-Oz, 1978; Vogt and Simon, 1999) and several specific
primer tRNAs (Huang et al., 1994; Levin and Seidman, 1979; Mak et al., 1994; Peters et
al., 1977). Murine leukemia viruses (MLVs) use tRNAPro to initiate DNA synthesis;
analysis of MLV particles indicates that each viral particle contains approximately 6-8
tRNAPro molecules (Levin and Seidman, 1979; Peters et al., 1977). Thus, it should be
possible for a virus to initiate reverse transcription more than once. However, it is
currently unknown whether dual initiation of reverse transcription can occur in a single
virion. If a single virion cannot initiate reverse transcription more than once, then it can
only form one genomic DNA molecule. However, if a single virion has the capacity to
initiate reverse transcription twice, then it could potentially form two genomic DNAs.
It is generally thought that only one provirus is formed as a result of one infection
event. In studies of recombinant viruses, it was shown that only one provirus is present in
most infected cells (Hu and Temin, 1990a). However, the fact that only one provirus is
found in cells infected with a single virus cannot serve as a measure of the initiation
capacity of a single virion. Even if two initiations occur during reverse transcription,
inefficient minus-strand DNA transfer and intermolecular template switching events
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during minus-strand DNA synthesis could prevent the formation of two genomic DNAs
(Anderson et al., 1998; Hu and Temin, 1990b). In addition, degradation of viral DNA,
formation of one and two long terminal repeat (LTR) circles (Ju and Skalka, 1980; Shank
and Varmus, 1978; Swanstrom et al., 1981), and autointegration (Lee and Craigie, 1994;
Shoemaker et al., 1981) could reduce the efficiency of provirus formation (Butler et al.,
2001; Butler et al., 2002; Follenzi et al., 2000; Sirven et al., 2000).
To date, it is not known whether one viral particle is capable of forming multiple
functional initiation complexes. To determine whether a single virion has the capacity to
initiate reverse transcription more than once, we introduced a second site of initiation in
the viral genome and analyzed reverse transcription products and structures of proviruses
that were generated. The results of these studies indicate that at least 22-29% of murine
leukemia virus (MLV) vectors containing two initiation sites are able to initiate reverse
transcription more than once.
C. Results
Construction of vectors
To determine whether two initiation events can occur in the same virion during
reverse transcription, we constructed a series of retroviral vectors (Fig. 1). Vector YV13
contains all of the cis-acting elements required for vector propagation, including 5´ and 3´
LTRs, PBS, packaging signal (Ψ), and polypurine tract. The PBS that is located at its
natural position, just downstream of the 5´ LTR, is referred to as the 5´ PBS throughout
the text. YV13 also expresses green fluorescent protein gene (GFP) and the neomycin
phosphotransferase gene (neo) (Jorgensen et al., 1979) from a single bicistronic transcript
expressed from the 5´ LTR. Translation of neo is facilitated by the presence of an internal
ribosomal entry site (IRES) from encephalomyocarditis virus (Jang et al., 1989; Jang et
al., 1988).
Next, we constructed vector S-2PBS by insertion of a 147-bp sequence derived from
spleen necrosis virus (SNV) between GFP and IRES (Fig.1). A predicted structure of the
MLV and SNV PBS, sequences surrounding the PBS, and their interactions with the

34

tRNA primer are shown in Fig. 1B. SNV, like MLV, uses tRNAPro as a primer and the 18
nucleotides of the SNV PBS are identical to those of the MLV (Fig. 1C). However, the
sequences surrounding the PBS in MLV and SNV have very little homology to each
other. The inserted sequence contains the complete SNV U5 (92 nt), including the SNV
attachment site (att site), the PBS (18 nt), and a portion of the 5´ untranslated leader
sequences (37 nt). The SNV-derived PBS region was used to create the 3´ PBS because
insertion of the MLV PBS resulted in the formation of directly repeated sequences in the
vector that underwent deletion at a high frequency through RT switching templates
during the process of reverse transcription (data not shown). Because the inserted SNV
sequence has only 49% homology to the MLV sequence, and the longest stretch of
sequence identity is 22 nucleotides, direct-repeat deletions are not expected to occur at a
high frequency (Hwang et al., 2001; Svarovskaia et al., 2000).
To determine whether the 3´ PBS (derived from SNV) was functional, we constructed
vector S-2PBSmut (Fig.1A). This vector is identical to S-2PBS, except that the 5´ PBS
was mutated by substitution of the 3-bp sequence TGG at the 5´ end of the PBS with
ACC. This 3-bp substitution is expected to prevent the basepairing of the 3´ end CCA
nucleotides of the primer tRNA to the PBS and thereby interfere with initiation of reverse
transcription. As a result, the replication of S-2PBSmut should be dependent on initiation
of reverse transcription at the 3´ PBS. Finally, vector YV13mut was generated to confirm
that the 3-bp substitution introduced in vector S-2PBSmut severely reduced initiation of
reverse transcription from the 5´ PBS.
Experimental design
The structures of proviruses generated after one round of replication with vectors
containing two functional PBS regions can be analyzed to determine whether initiation of
reverse transcription occurred once or more than once during infection. Each viral RNA
containing two PBS regions can initiate reverse transcription at either the 5´ PBS (Fig.
2A), the 3´ PBS (Fig. 2B), or at both PBSs (Fig. 2C). Even though each virion contains
two copies of viral genomic RNA, only one RNA is shown for the sake of simplicity (the
possible outcomes of initiating reverse transcription on both RNAs are considered in the
Discussion section). The first possibility is that initiation will occur only at the 5´ PBS
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(Fig. 2A). Reverse transcription will proceed in a normal fashion and the resulting
provirus will have a structure that is identical to the original vector. We refer to this
provirus structure as 1GFP. The second possibility is that initiation will occur only at the
3´ PBS (Fig. 2B). During reverse transcription, an unusually long minus-strand strongstop DNA containing R, U5, PBS, Ψ and GFP will form. This minus-strand strong-stop
DNA will be transferred to the 3´ end of viral RNA. Plus-strand DNA synthesis will start
at PPT and continue through LTR, PBS, Ψ, GFP, and stop after copying tRNA sequences
complimentary to PBS. Since the sequence of the PBS is the same for SNV and MLV,
the plus-strand strong-stop DNA will be transferred to the 5´ end of minus-strand DNA.
The resulting provirus will contain a second GFP downstream of the 3´ LTR and is
referred to as the 2GFP structure. After completion of reverse transcription the DNA will
have heterologous attachment sites; the 5´-att site will be derived from U3 of MLV and
3´-att site will be derived from U5 of SNV. Even though the four bases at the 3´ ends of
both attachment sites are the same (Fig. 1C), this could potentially reduce the efficiency
of integration.
Finally, the third possibility is that reverse transcription will be initiated at both the 5´
PBS and the 3´ PBS (Fig. 2C). Initiation of reverse transcription at the 5´ PBS will result
in the formation of a normal minus-strand strong-stop DNA, which can be transferred to
the 3´ end of the viral RNA. Initiation of reverse transcription at the 3´ PBS will result in
the formation of a minus-stand DNA coding for the GFP, Ψ, and PBS; because initiation
of reverse transcription at the 5´ PBS will result in degradation of the R and U5 regions
by the RNase H activity of RT, DNA synthesis initiating at the 3´ PBS will not be
extended past the PBS (Artzi et al., 1996). This reverse transcription product will lack
any homology to the R region and therefore will not be used for minus-strand DNA
transfer; consequently, it will not be involved in subsequent steps during reverse
transcription. DNA synthesis that is initiated at the 5´ PBS will be used for minus-strand
DNA transfer and will be extended to the 3´ PBS but will not be extended further because
the GFP, Ψ, and 5´ PBS will have been degraded during DNA synthesis initiating from
the 3´ PBS. Plus-strand DNA synthesis will be initiated at the PPT, extended through the
first 18 nt of the primer tRNA, and transferred to the 3´ PBS. Consequently, the provirus
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that is formed will not contain GFP and Ψ sequences and is referred to as the GFP-minus
structure.
To summarize, initiation of reverse transcription at either the 5´ or the 3´ PBS will
result in the formation of provirus structures that can express GFP (the 1GFP or 2GFP
structures, respectively), but initiation of reverse transcription at both the 5´ PBS and the
3´ PBS will result in the formation of a provirus structure that cannot express GFP (the
GFP-minus structure). Because the expression of GFP can be easily detected by flow
cytometry and the structures of the proviruses can be determined by Southern blotting
analysis, this system can be used to detect events in which reverse transcription initiated
more than once in a single infectious viral particle. It is important to note that reverse
transcription could initiate at both the 5´ and 3´ PBS but not result in deletion of GFP; for
example, if minus-strand DNA transfer occurs intermolecularly, GFP will not be deleted.
Thus, the frequency of proviruses that have deleted GFP represents a minimum
proportion of the virion that initiated reverse transcription more than once.
Replication of vectors containing two PBSs
We determined the ability of vectors YV13, YV13mut, S-2PBS, and S-2BPSmut to
be propagated in MLV and SNV helper cells (Table 1). The vectors were transfected into
the helper cell lines and pools of transfected cells were selected and expanded. The titers
of virus produced from 4 to 5 independent transfected pools were determined by infection
of D17 target cells and selection of G418-resistant colonies. The MLV helper cell line,
PG13, produced an average YV13 titer of 16 × 104 CFU/ml; the SNV helper cell line,
DSH134G, produced a similar average YV13 titer of 31 × 104 CFU/ml. In contrast, both
PG13 and DSH134G helper cell lines produced average YV13mut titers that were at least
2500-fold lower than the titers generated by the control YV13 vector, indicating that the
3-nucleotide substitution in the PBS severely reduced the ability of the YV13mut vector
to initiate DNA synthesis and complete viral replication. Both PG13 and DSH134G
helper cell lines produced average S-2PBS titers that were similar to the YV13 control
vector, indicating that the presence of both 5´ and 3´ PBSs did not have a deleterious
effect on viral replication. The DSH134G helper cell line produced average S-2PBSmut
titers that were only twofold lower than the titers of the S-2PBS vector. Since S-2PBSmut
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lacked a functional 5´ PBS and was dependent on the 3´ PBS for initiation of DNA
synthesis, the result indicated that the 3´ PBS was used efficiently for initiation of DNA
synthesis in the SNV helper cell line; the result also indicated that the SNV proteins
could efficiently use the heterologous MLV att sites for integration (see Fig. 2B). In
contrast, the PG13 helper cell line produced average S-2PBSmut titers that were 14-fold
lower than the S-2PBS vector and 62-fold lower than the YV13 vector. The result
suggested that the MLV proteins did not efficiently use the SNV PBS and/or the SNV att
site.
GFP expression in vectors containing two PBSs
As described earlier (Fig. 2C), the initiation of DNA synthesis at both the 5´ and 3´
PBS should result in the deletion of the GFP coding sequences and loss of GFP
expression. To determine whether the presence of a functional 3´ PBS affected GFP
expression, we performed flow cytometry analysis of pools of cells infected with YV13,
S-2PBS, and S-2PBSmut virus derived from the DSH134G helper cell line (Fig. 3). At
least three independent experiments were performed. As expected, 99.9% of the
uninfected D17 cells were negative for GFP expression. Analysis of cells infected with
YV13 virus indicated that 4.9 ± 0.5% of the infected cells were GFP-negative. This
suggested that approximately 5% of the GFP genes were inactivated by mutations that
occurred during transfection of the DSH134G helper cells or during reverse transcription.
Similarly, flow cytometry analysis of cells infected with S-2PBSmut virus indicated that
the frequency of GFP-negative cells was 6.7 ± 0.8 %. In contrast to the cells infected with
YV13 or S-2PBSmut, 31.3 ± 2 % of cells infected with S-2PBS virus were negative for
GFP expression. Since the S-2PBS virus is expected to have two functional PBSs and the
control vectors YV13 and S-2PBSmut are expected to have only one functional PBS, the
higher proportion of GFP-negative cells was correlated with the presence of two
functional PBSs. The result suggested that in 26% of the cells infected with S-2PBS virus
derived from the DSH134G helper cell line, the GFP gene was deleted through initiation
of reverse transcription at both the 5´ and the 3´ PBSs (31% of GFP inactivation for S2PBS minus 5% background of GFP inactivation for YV13).
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The proportion of GFP-negative cells was also determined for cells infected with
YV13, S-2PBS, and S-2PBSmut viruses produced from the PG13 helper cell line (data
not shown). The results obtained from three independent experiments were similar to the
results obtained for cells infected with virus produced from the DSH134G cells; 3.3 ±
0.6% of cells infected with YV13 virus were GFP-negative, 5.1 ± 1.3% of cells infected
with S-2PBSmut virus were GFP-negative, and 32 ± 7% of cells infected with S-2PBS
virus were GFP-negative. The result suggested that in cells infected with S-2PBS virus
derived from PG13 cells, GFP was deleted at a similar frequency of 29% through
initiation of reverse transcription at both the wild type and internal PBS (32% GFPnegative cells for S-2PBS minus 3.3% GFP-negative cells for YV13; data not shown).

Quantitative PCR analysis of reverse transcription initiation in vectors containing
two PBSs
To determine the kinetics and relative efficiencies of reverse transcription initiation at
the wild type and the internal PBS, we analyzed the products of reverse transcription 1, 2,
3, and 24 hours after infection of target cells with virus derived from DSH134G cells.
The real-time PCR primer and probe sets are shown in Fig. 4A. The primer sets R-U5 and
GFP were designed to detect early reverse transcription products that initiated at the wild
type and internal PBS, respectively. The Neo primer set was designed to detect reverse
transcription products after minus-strand DNA transfer and the U5-Ψ primer set was
designed to detect late reverse transcription products after plus-strand DNA transfer. Two
independent infection experiments were performed and the copy number of each target
sequence was determined twice for approximately 105 infected cells from each
experiment. The threshold cycle values and the estimated copy number of each DNA
based on a standard curve generated from a control plasmid are shown for a
representative experiment in Table 2. The amounts of cellular DNAs analyzed were
normalized by determining the copy number of a hygromycin phosphotransferase gene
(hygro) that was previously introduced into the target cells by transfection (see Materials
and Methods).
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To determine the extent of reverse transcription initiation that occurred 1, 2, and 3
hours after infection, we compared the amounts of reverse transcription products detected
by the R-U5 primer set at these time points with the amount of product detected 24 hours
after infection. The amounts of reverse transcription products detected by the R-U5
primer set 1, 2, and 3 hours after infection with YV13 virus derived from DSH134G
helper cell line were 2-5%, 25-35%, and 50-90% of the products detected 24 hours after
infection, respectively (data not shown). This result indicated that the majority of reverse
transcription initiation events occurred within the first 3 hours after infection.
The relative amounts of reverse transcription products after infection with YV13 and
S-2PBS vectors are shown in Fig. 4B, and the average amount of R-U5 products was set
to 100%. One hour after infection, the primary reverse transcription product detected in
cells infected with YV13 was R-U5; relative to the R-U5 primer set, the reverse
transcription products detected by the Neo primer set were less than 20%, indicating that
most of the DNA synthesis initiating from the 5´ PBS did not undergo minus-strand DNA
transfer. Similarly, reverse transcription products detected by the GFP and U5-Ψ primer
sets were less than 10% of the products detected by the R-U5 primer set, indicating that
even fewer reverse transcription products had progressed beyond minus-strand DNA
transfer. In sharp contrast, the profile of reverse transcription products detected 1 hour
after infection with S-2PBS differed from that of YV13. While the reverse transcription
products detected by the Neo and U5-Ψ primers remained below 20% of the R-U5
primers, the products detected by the GFP primers were 120% relative to the R-U5
primer set, indicating that these products were present at similar levels. The similar
amounts of reverse transcription products detected by the R-U5 and GFP primers early
after infection with S-2PBS indicated that DNA synthesis was initiating at the 5´ and 3´
PBS sites with similar efficiencies.
Analyses of the reverse transcription products 2 and 3 hours after infection with
YV13 and S-2PBS indicated that the products detected by the GFP primer set were
consistently higher for the S-2PBS virus than for the YV13 virus. This result confirmed
the view that DNA synthesis was being initiated at both the 5´ and 3´ PBS sites for the S2PBS vector.
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Analyses of the reverse transcription products 24 hours after infection with YV13 and
S-2PBS indicated that the products detected by the Neo, GFP, and U5-Ψ primer sets were
between 30 to 50% relative to the R-U5 primer set. This result was expected since reverse
transcription leads to duplication of the LTRs, which include the R-U5 regions. For each
completely synthesized YV13 viral DNA, there are two copies that are detected by R-U5
primer set, and one copy that is detected by the Neo, GFP, and U5-Ψ primer sets.
Analysis of proviral structures generated after infection with vectors containing two
PBSs
As described in Fig. 2, reverse transcription of the vectors containing a 5´ and 3´ PBS
could result in the formation of the 1GFP, 2GFP, or GFP-minus structures. The structures
of proviruses generated after infection with YV13, S-2PBS, and S-2PBSmut vectors is
outlined in Fig. 5A. When genomic DNA of YV13 infected cells is digested with XbaI
and hybridized to a neo probe, a 4.1 kb band is generated. When genomic DNA of S2PBS infected cells is digested with XbaI and hybridized to the neo probe, the GFPpositive proviral structures (1GFP and 2GFP) generate a 4.3-kb band (Fig. 5A); in
contrast, the GFP-minus proviral structure generates a smaller 2.0-kb band. We first
analyzed genomic DNAs isolated from clones of single D17 cells infected with the S2PBS virus (Fig. 5B). A total of 27 single cell clones were isolated; visualization under a
microscope indicated that 16 clones were fluorescent (GFP-positive) and 11 were nonfluorescent (GFP-negative). Genomic DNAs from each of the cell clones was digested
with XbaI and analyzed by Southern blotting; the results obtained from 8 GFP-positive
and 8 GFP-negative cell clones are shown in Fig. 5B. As expected, all GFP-positive cell
clones generated a 4.3-kb band whereas all GFP-negative cell clones generated a smaller
2.0-kb band. The presence of the 2.0-kb band in the GFP-negative cell clones provided
strong evidence that reverse transcription was initiated at both the 5´ and 3´ PBS in the
same virion and resulted in the formation of the GFP-minus proviral structure as shown
in Fig. 2C. To determine the relative proportions of GFP-positive and GFP-minus
proviruses, we analyzed genomic DNAs from pools of infected cells (Fig. 5C). The
frequency of GFP-minus proviral structures was estimated by quantitative
PhosphorImager analysis of the 4.3-kb and 2.0-kb bands. Genomic DNA from cells
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infected with YV13 was used as a control. As expected, analysis of YV13 infected cells
revealed a single 4.2-kb band after XbaI digestion; this band is slightly smaller than the
4.3-kb band generated by S-2PBS and S-2PBSmut because it lacks the 3´ PBS fragment.
Because only the 5´ PBS was present in this vector, deletion of GFP through initiation of
reverse transcription at two PBS sites was not expected to occur. Southern blotting
analyses of three independent sets of cells infected with S-2PBS virus derived from the
PG13 helper cell line showed that approximately 22% of the cells contained the GFPminus proviral structure. Similarly, analyses of three independent sets of cells infected
with S-2PBS virus derived from the DSH134G helper cell line indicated that 29% of the
proviruses had the GFP-minus structure. These GFP deletion frequencies were in
agreement with the 26-29% frequency of GFP-negative cells observed after flow
cytometry analysis of infected cells (Fig. 3). As expected, Southern blotting analyses of
three independent sets of S-2PBSmut-infected cells did not produce a detectable 2.0-kb
band; because only the 3´ PBS was functional in this vector, deletion of GFP through
double initiation events was not expected to occur. The fact that the 2.0-kb bands were
not observed for YV13 or S-2PBSmut vectors indicated that the GFP-minus proviral
structure was formed only when the vector contained two functional PBSs. This result
also strongly supported the view that reverse transcription was initiated at both the 5´ and
the 3´ PBSs in the same virion and resulted in the formation of the GFP-minus proviral
structures.
Frequencies of 1GFP and 2GFP proviruses generated by initiating reverse
transcription once at the 5´ or the 3´ PBS of the S-2PBS vector
As described in Fig. 2A and B, the 1GFP and 2GFP proviral structures can be
generated by initiating reverse transcription once at the 5´ PBS or the 3´ PBS,
respectively. The strategy for estimating the relative proportions of 1GFP and 2GFP
structures is outlined in Fig. 6A. Genomic DNAs isolated from pools of cells infected
with YV13, S-2PBS, and S-2PBSmut were digested with MscI, which cut once in GFP
and once in neo. The probe was located in neo, which was cut once by MscI, producing
two neo-containing fragments. Each fragment bound the probe with approximately equal
efficiency (data not shown). When genomic DNA of YV13 infected cells was digested
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with MscI and hybridized to the neo probe, only a 1.4-kb band was expected. When
genomic DNA of S-2PBS and S-2PBSmut infected cells was digested with MscI and
hybridized to the neo probe, only the 5´ portions of the 1GFP and 2GFP structures
generated a specific 1.6-kb band. On the other hand, an additional MscI site was present
in the 2GFP proviral structure, generating a second specific band of 2 kb. GFP-minus
proviruses have only one MscI site and do not generate a specific band. Because both
1GFP and 2GFP structures generated the 1.6-kb band, quantitation of this band provided
a measure of the total number of GFP-positive proviruses, whereas the 2-kb band
provided a measure of the 2GFP structures.
Southern blotting analysis of genomic DNAs from pools of cells infected with the
viruses produced by MLV and SNV packaging cells is shown in Fig. 6B. As expected,
the genomic DNA from cells infected with YV13 generated a 1.4-kb band that was
slightly smaller than the 1.6-kb band because it lacked the 3´ PBS. In the S-2PBSmut
vector, the wild-type PBS was inactivated, and only the 2GFP proviral structures were
expected. Indeed, Southern blotting analysis of cells infected with S-2PBSmut virus
derived from both MLV and SNV helper cells generated 2.0-kb and 1.6-kb bands of
similar intensity, indicating that most of the proviruses (>95%) had the 2GFP structure.
Genomic DNAs from S-2PBS infected cells produced different results for viruses derived
from the PG13 and DSH134G helper cell lines. Analysis of cells infected with virus
produced from PG13 cells revealed the presence of a single 1.6-kb band, indicating that
very few of the proviruses (<5%) were generated by DNA synthesis initiating only at the
3´ PBS. Analysis of cells infected with virion derived from the DSH134G helper cell line
indicated that the 2.0-kb band intensity was 23% the intensity of the 1.6-kb band,
indicating that 77% of the GFP-positive proviruses had the 1GFP structure and 23% of
the GFP-positive proviruses had the 2GFP structure. This result indicated that among the
GFP-positive proviruses generated by S-2PBS virus produced from the SNV helper cell
line, the proportion of proviruses that initiated DNA synthesis only once at the 5´ PBS
was 77%, and the proportion of proviruses that initiated DNA synthesis only once at the
3´ PBS was 23%.
In contrast, most of the GFP-positive viruses (>95%) generated by S-2PBS virus
produced from the MLV helper cell line had the 1GFP structure. The viral DNAs that
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form the 1GFP and GFP-minus proviral structures are expected to possess the MLV att
sites at both ends. However, the viral DNA that forms the 2GFP structure possesses an
MLV att site at the 5´ end and an SNV att site at the 3´ end (Fig. 2B). The observation
that the 2GFP proviral structure could not be detected in cells infected with virus
produced from the MLV helper cell line suggested that the MLV IN proteins did not
utilize the heterologous SNV att site efficiently.

GFP deletions do not occur through premature plus-strand DNA transfer
One possible explanation for the GFP-minus proviral structures observed after
infection with S-2PBS is that reverse transcription is initiated at the 5´ PBS, but during
plus-strand DNA synthesis the strong-stop DNA is transferred to the 3´ PBS. This may
occur if the plus-strand strong-stop DNA is transferred to the first PBS that is copied into
minus-strand DNA. To test this possibility, we constructed vectors YV20 and YV21.
Vector YV20 contains a 3´ PBS region derived from SNV, which includes 10-nt of SNV
U5, 18-nt of PBS, and 37-nt of the untranslated leader; because plus-strand DNA transfer
is performed using the 18-nt of PBS, this PBS could theoretically serve as a substrate for
plus-strand DNA transfer. However the 3´ PBS region of YV20 lacks sequences that
form the U5-IR and U5-leader stems, which are critical for efficient initiation of DNA
synthesis (Cobrinik et al., 1991; Cobrinik et al., 1988). Thus, the YV20 vector contains a
3´ PBS that cannot be used to initiate DNA synthesis but could theoretically be used as a
site for premature plus-strand DNA transfer. Any GFP-minus proviral structures that are
formed after infection with YV20 should result from premature plus-strand DNA transfer
and not through initiation of DNA synthesis at both the 5´ and 3´ PBS sites.
To verify that the 3´ PBS site in YV20 was inefficient in initiation of DNA synthesis,
we constructed vector YV21, which contained the same 3-nucleotide substitution in the
5´ PBS that was present in vector YV13mut and was shown to inactivate the PBS. Thus,
replication of YV21 is dependent on initiation of DNA synthesis at the 3´ PBS.
Vectors YV20 and YV21 were transfected into the SNV helper cell line and pools of
G418-resistant cell clones were isolated. The titers of viruses produced from 2
independent pools of transfected cells were determined by infection of D17 target cells.
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As expected, the YV20 transfected cells produced average viral titers that were similar to
those of YV13 (2.5×105 CFU/ml, compared to YV13 in Table 1). However, the YV21
transfected cells produced average viral titers that were approximately 30-fold lower than
the titers derived from YV13 transfected cells (8 × 103 CFU/ml); this result indicated that
the 3´ PBS region inserted in YV20 and YV21 could not be used to efficiently initiate
DNA synthesis and complete viral replication.
To determine whether infection with YV20 resulted in the formation of GFP-minus
proviral structures, we performed Southern blotting analysis as described in Fig. 5A.
Genomic DNAs were isolated from pools of cells infected with YV20 and digested with
XbaI. As shown in Fig. 7B, YV20 and YV21 infected cell pools generated only the 4.3kb bands that indicated the presence of the 1GFP or 2GFP structures and did not generate
a 2.0-kb band. The lack of the 2.0-kb band after infection with YV20 demonstrated that
GFP-minus proviral structures were not generated. This result provided strong evidence
that the 3´ PBS was not being used as a site for premature plus-strand DNA transfer.

D. Discussion
The results of this study indicate for the first time that vectors containing two PBSs
can initiate reverse transcription more than once in at least 22% and 29% of infectious
virion derived from MLV or SNV helper cell lines, respectively. These frequencies of
virions that initiated DNA synthesis multiple times are underestimates because it is
possible for a virion to initiate DNA synthesis more than once without leading to the
formation of a GFP-minus structure.
The analysis outlined in Fig. 8 presents possible scenarios in which up to 100% of the
infectious viruses might initiate reverse transcription twice, but result in only a 25%
frequency of GFP deletion. There are four PBSs in each virion, and dual initiation can
result from four different combinations of tRNA placements. First, initiation of DNA
synthesis could occur at the wild type PBS of both genomic RNAs (Fig. 8A), resulting in
the formation of the 1GFP structure (shown in Fig. 2). Second, initiation of DNA
synthesis could occur at the internal PBS of both genomic RNAs (Fig. 8B), resulting in
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the formation of the 2GFP structure (shown in Fig. 2). Third, initiation of DNA synthesis
could occur at the wild type and internal PBS of the same RNA (Fig. 8C); intramolecular
minus-strand DNA transfer would result in the formation of a GFP-minus proviral
structure (shown in Fig. 2) whereas intermolecular minus-strand transfer would result in
the formation of the 1GFP structure. Finally, initiation of DNA synthesis could occur at
the wild type PBS of one of the genomic RNAs and the internal PBS of the copackaged
RNA (Fig. 8D); depending on which minus-strand strong-stop DNA is used for minusstrand DNA transfer, and whether minus-strand DNA transfer is intramolecular or
intermolecular, the GFP-minus, 1GFP, 2GFP, or 3GFP structures could potentially form;
the 3GFP structure (not shown) contains an internal duplication of GFP in addition to a
third GFP at the 3’ end of the proviral structure as in the 2GFP structure. For simplicity,
we first assume that the initiations of DNA synthesis occur randomly on the four PBSs;
second, we assume that intramolecular and intermolecular minus-strand DNA transfers
occur with similar efficiencies. Based on these two assumptions, we expect that 1/6 of
the virions will initiate DNA synthesis at the wild type or the internal PBS of both
genomic RNAs (Fig. 8A and B, respectively), 1/3 of the virions will initiate DNA
synthesis at the wild type and internal PBS of the same genomic RNA (Fig. 8C), and 1/3
of the virions will initiate DNA synthesis at the wild type PBS of one RNA and the
internal PBS of the other RNA (Fig. 8D). The resulting predicted frequency of GFPminus proviral structures is 25% if all of the virion initiated reverse transcription twice
(see Fig. 8). This predicted frequency of GFP-minus proviral structures is close to the
22% and 29% observed frequencies of GFP deletion. Similar analysis of possible
scenarios in which initiation of DNA synthesis occurs three times per virion indicates that
the expected frequency of GFP-minus proviral structures is 50% (not shown). It is
important to point out that the predicted frequency of GFP deletion is highly dependent
on the assumptions made about the nature of reverse transcription; for example, the
predicted frequency of GFP-minus proviral structures is 100% if it is assumed that both
initiations always occur on the same RNA and minus-strand DNA transfer is always
intramolecular.
In addition to initiating DNA synthesis twice in each S-2PBS virion, DNA synthesis
could also initiate once, three times, or four times per virion. If DNA synthesis is
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initiated only once per virion, then the GFP-minus proviral structure cannot form. On the
other hand, if DNA synthesis is initiated four times (at the wild type and internal PBS of
both genomic RNAs), then 100% of the proviruses formed should have the GFP-minus
structure. The result that 22-29% of the proviruses have the GFP-minus structure strongly
suggests that on average two or three initiations of DNA synthesis occurred per virion.
The results of this study indicate that the primer tRNAs, RT, and other components
necessary for formation of two functional initiation complexes are present in the virion.
Consequently, it is possible that two functional initiation complexes are formed in
association with the two PBSs present in wild-type virion, and DNA synthesis may be
frequently initiated on both genomic RNAs. Evidence for DNA synthesis on both
genomic RNAs was previously obtained by electron microscopy and led to the proposal
of a plus-strand model for retroviral recombination (Junghans et al., 1982). However, the
frequency with which DNA synthesis occurs on both copies of genomic RNA in a single
virion was not determined. Assuming that the results obtained with vectors containing 2
PBSs can be extrapolated to wild-type virion, at least 22-29% of the virion undergo
initiation of reverse transcription on both RNAs.
This result suggests the intriguing possibility that two complete genomic DNAs may
frequently form during infection. The process of intermolecular template switching
events leading to recombination between two copackaged RNAs may be affected by
whether DNA synthesis is occurring on a single RNA template or in parallel on both
genomic RNAs. This question was previously studied by using two vectors in which one
contained a defective PBS and lacked the ability to initiate DNA synthesis (Anderson et
al., 1998); however, it was not possible to measure the frequency of recombination in this
study. On the other hand, an intermolecular template switch during minus-strand DNA
synthesis may prevent the formation of two complete DNAs. Consistent with this
prediction, it has been observed that only one provirus is formed in each infectious event
in a recombining population of viruses (Hu and Temin, 1990a).
The assumption that initiation events on two different RNAs occur as frequently in
wild-type viruses as in vectors containing two PBSs is supported by our observation that
the location of the PBS did not affect the efficiency of its use in DNA synthesis initiation.
On the other hand, the efficiency of placing the initiator tRNA on the PBS may influence
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how often DNA synthesis is initiated. For example, if 50% of PBSs are associated with
tRNAs as reported for avian leukosis virus (Fu et al., 1997), then DNA synthesis will be
initiated on average more than once in S-2PBS virion and once in wild type virion. It is
also conceivable that interactions between the two PBSs on copackaged RNAs and the
adjacent dimer linkage sequences preclude initiation of reverse transcription on both
RNAs.
In a previous study, HIV-1 genomes containing two PBSs were characterized (Li et
al., 1997). A virus containing a second PBS appeared as a reversion mutation that
allowed replication of a virus containing a mutated PBS. Similar to the results reported
here, viruses containing two functional PBSs deleted one PBS and the spacer regions
after multiple rounds of replication, whereas viruses containing a functional and a
defective PBS were found to be stable.
The results of this study show that SNV integrase is able to carry out integration of
viral DNAs that contain a 5´-att site derived from MLV and a 3´-att site derived from
SNV. In contrast, the absence of 2GFP structures in cells infected with MLV-derived S2PBS virus suggests that MLV integrase could not efficiently utilize the heterologous att
sites. Real time PCR analysis of infections carried out with virion derived from MLV
helper cells also indicated that MLV RT could efficiently initiate DNA synthesis using
SNV PBS (data not shown).
The system of vectors containing two PBSs described in this study could be used to
determine the effects of cis- and trans-acting elements that influence initiation of reverse
transcription. For example, the role of NC and other viral proteins in the placement of
tRNA on the PBS could be analyzed and mutational analysis of the PBS and surrounding
secondary structure could be performed to determine the effects of mutations on the
efficiency of DNA synthesis initiation.
E. Materials and methods
Construction of vectors
Plasmid names begin with “p”, while names of viruses derived from the plasmids do
not. The MLV-based vector pYV13 was derived from pLAEN, which was a kind gift
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from A. D. Miller (Adam et al., 1991). The 5´ and 3´ LTR regions of the pLAEN vector
were derived from Moloney murine sarcoma virus (MoMSV) and MLV, respectively
(Miller and Rosman, 1989). All vectors contained neo, which was expressed from IRES.
To construct pYV13, a second PBS region that is present downstream of the 3´ LTR
in pLAEN was deleted; in addition, a NotI restriction fragment derived from pGL1
(Gibco) that encoded GFP was inserted upstream of the IRES.
Vector pYV13mut was derived from pYV13 and contained substitution of the 5´
TGG nucleotides of the PBS with ACC. The mutagenesis was performed by two
overlapping PCR reactions; the presence of the desired 3-bp substitution and the absence
of undesired mutations were confirmed by DNA sequencing.
The spleen necrosis virus (SNV) U5-PBS-leader region was PCR amplified from
pJD214 (Dougherty and Temin, 1986). The amplicon included the entire SNV U5 region
(92 bp), 18 bp of the PBS, and 37 bp of the leader sequence and was inserted into an
EcoRI site downstream of GFP in pYV13 and pYV13mut to form S-2PBS and S2PBSmut, respectively.
Vector pYV12, used to generate standard curves for real-time PCR analysis, was
derived from pYV13 by deleting the 3´ LTR.
Cells, transfections, and virus propagation
D17 and PG13 cells were obtained from the American Type Culture Collection,
Manassas, Virginia. DSH134G, an SNV-based packaging cell line, was a kind gift from
Ralph Dornburg (Martinez and Dornburg, 1995). D17 and DSH134G are dog
osteosarcoma cell lines that are permissive to infection by MLV and SNV. PG13 is a
murine packaging cell line that expresses MLV gag-pol and gibbon ape leukemia virus
env (Miller et al., 1991). Cells were grown in Dulbecco’s modified Eagle’s medium
supplemented with 6% (D17 and DSH134G) or 10% (PG13) calf serum (HyClone
Laboratories, Inc.). Penicillin (50 U/ml, Gibco) and streptomycin (50 µg/ml, Gibco) were
also added to the medium. In addition, transfected DSH134G cells were grown in 3´azido-3´-deoxythymidine (AZT) containing medium (1 µM final concentration) to
prevent reinfection of the virus-producing cells. Cells were maintained at 37ºC with 5%
CO2.
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Transfections into PG13 cells were performed with the TransFast Transfection Kit
(Promega), followed by G418 selection at 600 µg/ml. Transfections into DSH134G cells
were performed by the dimethyl sulfoxide-Polybrene method (Kawai and Nishizawa,
1984). Because DSH134G cells are already G418 resistant, the vectors were
cotransfected with pSVhygro (ratio 10:1) and selection for hygromycin resistance was
performed at 120 µg/ml. Plasmid pSVhygro codes for the hygromycin
phosphotransferase B gene (hygro), which confers resistance to hygromycin (Gritz and
Davies, 1983).
To generate virus for infection experiments, the vectors were individually transfected
into helper cell lines. Transfected cells were pooled, expanded, and plated at a density of
5 × 106 cells per 100-mm-diameter dish. Fresh AZT-free medium was added to virus
producer cells 24 h before the virus was harvested. Virus-containing cell culture medium
was centrifuged at 6,000 × g for 10 minutes to pellet cellular debris. The cell-free
supernatant was then used for infection of D17 cells. Flow cytometry analysis of virusproducing cells was performed to ensure that the majority (>80-90 %) of transfected cells
expressed GFP.
Ten-fold serial dilutions of virus-containing supernatant were used to infect 2 × 105
D17 cells per 60-mm-diameter dish. Infections were performed in the presence of
Polybrene (50 µg/ml) for 4 h. The infected cells were subjected to G418 selection 24 h
postinfection. Viral titers were determined by quantitation of G418-resistant colonies
approximately 2 weeks after infection. At least 10,000 G418-resistant colonies were
pooled per experiment and analyzed by flow cytometry to obtain the percentage of cells
that did not express GFP.
Detection of GFP expression by flow cytometry
The cells were infected at MOI of less than <0.1. Approximately 10,000 G418resistant infected colonies were pooled for analysis. The percentage of GFP-expressing
cells was measured using flow cytometry (FACScan; Becton Dickinson); 10,000 events
were collected for each experiment and results were analyzed using CellQuest software
(Becton Dickinson).
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Southern blotting analyses
Genomic DNA was isolated from infected cells with the AquaPure isolation kit (BioRad) and proviral structures were analyzed by Southern blot hybridization as previously
described (Delviks et al., 1997). A 1.2-kb DNA fragment containing neo was used to
generate a probe. Quantitation of bands was performed with the Quantity One program
(Bio-Rad).
Quantitative real-time PCR analysis
Each vector was transfected into the PG13 or DSH134G helper cell line and pools of
G418-resistant cells were selected for at least two weeks to minimize contamination of
viral preps with transfected plasmid DNA. Virus-containing medium was collected from
the pools of helper cells and cleared from cellular debris by filtration (0.22 µm MillexGS, Drummond). The media was incubated for 30 minutes at room temperature with
DNase I (30 units/ml) and MgCl2 (10 mM final concentration) to digest any DNA
transferred from helper cells and was used to infect D17 cells. Infection was performed in
the presence of 50 µg/ml Polybrene for 1, 2, 3 or 24 hours, after which the cells were
washed once with phosphate-buffered saline. For harvesting cells 24 hours after
infection, fresh media was added to cells 3 hrs post-infection. Total cellular DNA was
extracted from infected cells with QIAmp DNA Blood Mini Kit (Qiagen) and dissolved
in water. DNA from approximately 105 cells was used for each real-time PCR reaction.
The following primer-probe sets were used: For the R-U5 region, the forward primer was
5´-TCCCAATAAAGCCTCTTGCTG-3´, the reverse primer was 5´AGGAGACCCTCCCAAGGAAC-3´, and the probe was 5´-FAMTTGCATCCGAATCGTGGTCTCGC-TAMRA-3´. For the U5-Ψ region, the forward
primer was 5´-GCCTCTTGCTGTTTGCATCC-3´, the reverse primer was 5´GTCTCCAAATCCCGGACGA-3´, and the probe was 5´-FAMATCGTGGTCTCGCTGTTCCTTGGGAG-TAMRA-3´. For the GFP region, the forward
primer was 5´-AATCGAGTTGAAGGGCATTGAC-3´, the reverse primer was 5´TGTGGGAGTTATAGTTGTATTCCAGCT-3´, and the probe was 5´-FAMTTAAGGAAGATGGAAACATTCTCGGCCAC-TAMRA-3´. For the neo region, the
forward primer was 5´-GCGCCAGCCGAACTGTT-3´, the reverse primer was 5´-
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AGCCGGCCACAGTCGAT-3´, and the probe was 5´-FAMCAAGGCGCGCATGCCCG-TAMRA-3´. The final concentrations of primers and probe
were 600 nM and 75 nM, respectively.
pYV12 was derived from pYV13 by deletion of the 3´ LTR and therefore contained a
single copy of the R-U5, U5-Ψ, GFP, and neo regions. Three-fold serial dilutions of
pYV12 were used to generate a standard curve ranging from 50 to 3,000,000 copies of
DNA per PCR reaction. The same dilutions were used to generate a standard curve for
each primer-probe set, which allowed accurate measurement of relative amounts of DNA
products detected by different sets. The correlation coefficient for all standard curves was
> 0.99. The amount of each PCR product in the sample was determined from a standard
curve generated with that particular primer set. At least two independent experiments
were performed and each sample was analyzed at least twice with all four primer sets.
To normalize the amount of DNA analyzed in the real-time PCR experiments, D17
that stably expressed hygro were used as targets of infection. In addition to the primer
sets used for monitoring viral infection, each sample was also analyzed with a primer set
designed to detect the copy number of hygro. Because the number of hygro genes per cell
was constant, the copy number of hygro was used to normalize the amount of input DNA
in each infection. The following primer-probe set was used to determine the copy number
of hygro: the forward primer was 5´-ACGAGGTCGCCAACATCTTC-3´, the reverse
primer was 5´-CGCGTCTGCTGCTCCAT-3´, and the probe was 5´-FAMCAAGCCAACCACGGCCTCCAGA-TAMRA-3´.
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G. Tables and Figures
TABLE 1. Titers of viruses produced by MLV and SNV packaging cell lines
Vector

Helper cellsa

No. of expts.

Titer
(CFU/ml×104)

Relative titerc

(mean ± SEb)

YV13
YV13mut

PG13
PG13

4
5

16 ± 10
0.007 ± 0.003

100
0.04

S-2PBS
S-2PBSmut

PG13
PG13

4
4

3.65 ± 0.54
0.25 ± 0.03

23
1.6

YV13
YV13mut

DSH134G
DSH134G

5
4

31.2 ± 7.4
0.004 ± 0.002

100
0.013

S-2PBS
S-2PBSmut

DSH134G
DSH134G

4
4

30.5 ± 8.1
14.1 ± 5.1

100
45

a

PG13 is an MLV-based helper cell line, DSH134G is an SNV-based helper cell line
SE is standard error
c
For each helper cell line the titer of YV13 was set as 100%
b
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TABLE 2. Real-time PCR-based quantitation of viral DNA obtained 1, 2 , 3, and 24 hours after infectiona
Sample
Ctb

R-U5
Copiesc

Ct

U5-Ψ
Copies

Ct

GFP
Copies

Ct

Neo
Copies

Ct

Hygro
Copies

Control DNA
Copiesd
1000000
333333
111111
37037
12346
4115
1372
457
152
51

16.95
18.07
20.13
21.67
23.27
25.00
26.24
27.54
30.03
31.35

-

18.86
20.46
22.11
24.02
24.91
27.22
29.26
30.84
32.67
34.16

-

17.08
18.45
19.61
21.37
23.24
24.68
26.54
27.76
29.48
31.08

-

21.03
22.31
24.11
25.41
27.22
28.63
30.29
32.36
34.15
35.05

-

18.76
20.29
21.97
23.56
25.22
26.78
28.47
29.93
31.65
33.29

YV13-1 hr
YV13-2 hr
YV13-3 hr
YV13-24 hr

24.03
22.93
21.84
22.34

7082
15036
31717
22521

33.03
29.33
27.28
26.42

108
1142
4210
7258

28.08
25.79
24.18
23.81

394
1940
5970
7709

30.62
29.01
27.14
27.25

1207
3647
13158
12173

20.93
22.41
22.47
23.40

220702
80864
77748
41530

S-2PBS-1 hr
S-2PBS-2 hr
S-2PBS-3 hr
S-2PBS-24 hr

26.99
24.09
22.50
23.58

937
6787
20123
9639

32.69
29.09
26.93
27.42

134
1327
5243
3836

26.29
24.45
23.04
24.46

1366
4934
13215
4919

32.72
29.68
27.37
28.26

286
2309
11277
6088

21.42
22.34
22.58
22.84

157594
84948
72017
60488

S-2PBSmut-1 hr
S-2PBSmut-2 hr
S-2PBSmut-3 hr
S-2PBSmut-24 hr

26.11
24.89
23.35
23.16

1716
3928
11281
12880

28.38
27.22
25.45
25.27

2092
4366
13444
15163

24.43
23.97
22.77
23.05

5010
6913
15916
13133

32.20
29.86
27.71
27.44

407
2027
8902
10686

20.79
22.44
22.99
22.53

241386
79491
54755
74563
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a

Representative results from one of 4 experiments performed on two independent infections are shown; R-U5, U5-Ψ, GFP, Neo, and
Hygro are primer-probe sets as shown in Fig. 4.
b
Ct is the cycle at which the amplification curve reaches a defined threshold.
c
Number of DNA copies determined on the basis of standard curve generated using various quantities of control plasmid.
d
Dilutions of control DNA plasmid used to generate a standard curve; the numbers represent an estimate of the number of plasmid
molecules in each reaction.
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FIG. 1. Vector design. (A) Structures of MLV-based vectors. All vectors contain MLV
LTRs, other cis-acting elements needed for vector propagation, GFP that is expressed
from the MLV LTR promoter, and a neo that is expressed from IRES. Vector YV13 has
only a 5´ PBS derived from MLV (open box between 5´ LTR and GFP). Vector S-2PBS
has an additional 3´ PBS derived from SNV (striped box between GFP and IRES neo).
The 3´ PBS fragment consists of 92 nt from the SNV U5 (dotted line labeled U5´), 18 nt
of SNV PBS (striped box) and 37 nt of SNV 5´ untranslated leader (dotted line). Vector
S-2PBSmut is identical to S-2PBS, except that the 5´ PBS has been inactivated by
mutation (black box between 5´ LTR and GFP). Vector YV13mut possesses only the 5´
PBS that has been inactivated by mutation (black box between 5´ LTR and GFP). (B)
Comparison of predicted secondary structures of the 5´ PBS region derived from MLV
and 3´ PBS region derived from SNV in complex with tRNAPro [modified from (Leis et
al., 1993)]. The tRNAPro sequences are shown in part as a schematic of a double hairpin
structure (thin line and schematic hairpin structures). The 18-nt of 5´ and 3´ PBS
sequences are indicated by a thick line. The numbers at the base of each predicted
structure refer to nucleotide positions in the MLV and SNV genomes, starting at the
beginning of the 5´ R regions. (C) Homology comparison of MLV (top line) and SNV
(bottom line) nucleotide sequences in the vicinity of the PBS regions. The SNV sequence
shown is of the fragment used to generate S-2PBS and S-2PBSmut vectors and consists
of the U5 region, PBS, and 37 nt of 5´ untranslated leader. The homologous MLV
sequence shown indicates that 49% of the nucleotides are identical (vertical lines). The
boxed sequences indicate 18-nt of PBS and the underlined sequence represents the att
site. The black and white arrowheads indicate the sequences that form the predicted
secondary structures of MLV and SNV, respectively, as shown in B.
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B.

C.
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FIG. 2. Reverse transcription of vectors containing 2 PBSs. Thin lines indicate genomic
RNA; thick lines indicate newly synthesized DNA; dotted lines indicate SNV-derived
sequences; cloverleaf symbol represents tRNA and site(s) of DNA synthesis initiation;
white boxes represent 5´ PBS and striped boxes represent 3´ PBS. Arrows show the
direction of DNA synthesis. Unique 5´ region (U5), unique 3´ region (U3), and repeat
region (R) form the MLV LTR. Unique 5´ region of the SNV LTR is indicated as U5´.
(A) Initiation of reverse transcription at the 5´ PBS, followed by completion of normal
reverse transcription (Gilboa et al., 1979; Temin, 1981), results in the formation of a
1GFP proviral structure. (B) Initiation of reverse transcription at the 3´ PBS results in the
formation of a 2GFP proviral structure, with GFP being duplicated at the 3´ end (see
Results for detailed description). (C) Initiation of reverse transcription at both 5´ and 3´
PBS regions results in the formation of a GFP-minus proviral structure (see Results for
detailed description).
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FIG. 3. Flowcytometry analysis. Representative flowcytometric analysis of D17 cells
infected with YV13, S-2PBS, and S-2PBSmut virus produced from SNV-based helper
cell line DSH134G. Infected cells were selected for resistance to G418, and pools of
resistant cells were analyzed for expression of GFP. The average proportions of GFPnegative cells determined in 3 to 4 independent experiments are shown. At least 5,000
events were analyzed in each experiment.
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B.

FIG. 4. Quantitative real-time PCR analysis. (A) Locations of real-time PCR primerprobe sets are shown above the structures of YV13 and S-2PBS vectors. The early
products of reverse transcription that could form before minus-strand DNA transfer are
represented as arrows below the structures of YV13 and S-2PBS vectors. (B) Comparison
of relative amounts of reverse transcription products determined 1, 2, 3, and 24 hours
after infection. Target D17 cells were infected with virus obtained from SNV-based
helper cell line DSH134G. The amounts of DNA products determined after YV13
infection (white bars) and S-2PBS infection (black bars) are shown. Two independent
experiments were analyzed and each DNA sample was analyzed by real-time PCR four
times. The average copy numbers of various DNA products determined were expressed
as a percentage of the DNA products determined by the R-U5 primer-probe set. The error
bars represent the standard error of the mean.
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FIG. 5. Measurement of the frequency of GFP-minus provirus formation by Southern
blotting analysis. (A) Potential structures of the proviruses, sizes of the corresponding
bands after digestion with XbaI (X), and the location of the neo probe (black bar) are
shown. Digestion of 1GFP and 2GFP proviral structures is expected to generate a 4.3 kb
band and digestion of the GFP-minus proviral structure is expected to generate a 2.0 kb
band. (B) Southern blotting analysis of 8 single cell clones that were fluorescent (GFPpositive) and 8 clones that were non-fluorescent (GFP-negative) is shown. (C) Southern
blotting analysis of pools of cells infected with YV13, S-2PBS, and S-2PBSmut virus
derived from MLV and SNV helper cell lines. The proportion of the GFP-minus
proviruses was quantified by PhosphorImager analysis and is shown as the percentage of
total number of proviruses for each vector.
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FIG. 6. Measurement of relative amounts of 1GFP and 2GFP structures among GFPpositive proviruses by Southern blotting analyses. (A) Potential structures of the
proviruses, sizes of the corresponding bands after digestion with MscI (M), and the
location of the neo probe (black bar) are shown. Digestion of the 1GFP proviral structure
is expected to generate a 1.6-kb band that hybridizes to the 5´ half of the neo probe;
digestion of the 2GFP proviral structures is expected to generate 1.6- and 2.0 kb bands
that hybridize to the 5´ and 3´ fragments of the neo probe, respectively; digestion of the
GFP-minus proviral structure is not expected to generate a specific band. (B) Southern
blotting analysis of pools of cells infected with YV13, S-2PBS, and S-2PBSmut virus
derived from MLV and SNV helper cell lines. The proportion of the 2GFP proviruses
was determined by quantitative PhosphorImager analysis and is shown as the percentage
of total number of GFP-positive proviruses for each vector.
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FIG. 7. GFP is not deleted through the transfer of plus-strand strong-stop DNA to the 3´
PBS. (A) Structures of vectors YV13, YV20, and YV21. All abbreviations and symbols
describing the vector structures are identical to Fig. 1. YV20 and YV21 vectors contain a
modified 3´ PBS fragment derived from SNV; most of the SNV U5 region, which is
needed to form the predicted secondary structure shown in Fig. 1B, was deleted. (B)
Southern blotting analysis of DNA isolated from pools of cells infected with each of the
vector. The DNAs were digested with XbaI and analyzed as described in Fig. 5.
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FIG. 8. Possible scenarios for dual initiation of DNA synthesis in vectors containing two
PBSs. Four different combinations of tRNA placements (A –D) can lead to dual
initiation. (A) Initiation of DNA synthesis at the wild type PBS of both genomic RNAs.
(B) Initiation of DNA synthesis at the internal PBS of both genomic RNAs. (C) Initiation
of DNA synthesis at the wild type and internal PBS of the same genomic RNA. (D)
Initiation of DNA synthesis at the wild type PBS of one genomic RNA and the internal
PBS of the other genomic RNA. Assuming that initiation of DNA synthesis occurs
randomly at the four PBSs, scenarios A and B are each expected to occur in 1/6 of the
virion and scenarios C and D are each expected to occur in 1/3 of the virion. Assuming
that intramolecular and intermolecular minus-strand DNA transfers occur with equal
efficiencies, 50% of the proviruses generated through scenario C (1/6 of total) will be
GFP-minus proviral structures and 25% of the proviruses generated through scenario D
(1/12 of total) will be GFP-minus proviral structure. Thus, 25% of all proviruses will be
expected to have the GFP-minus proviral structure (1/6 + 1/12 = 3/12 =25%).
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A. Abstract
Initiation of reverse transcription in retroviruses occurs on a special place in viral
genome, called primer-binding site (PBS). The efficiency of reverse transcription
initiation is not known. Previously a paper has been published describing reverse
transcription of retroviral vector S-2PBS containing two primer-binding sites. Reverse
transcription of this vector results in a provirus with one of four possible structures,
depending, in part, on the PBSs used to initiate reverse transcription. The Southern
blotting analyses of DNA from infected cells allowed us to measure the relative
proportions of proviruses with different structures. In order to measure the average
efficiency of a PBS, we built a probability model, which describes the reverse
transcription process and predicts outcomes of different initiation scenarios. By fitting
the predicted outcomes to the observed data we were able to estimate the initiation
efficiency in this system as ~0.4 initiations per PBS. In addition, we show that even
though multiple models of reverse transcription can explain the observed data, all of these
models predict approximately the same initiation efficiency. The obtained initiation
efficiency is discussed in relation to general replication strategies of retroviruses.
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B. Introduction
Since the discovery of reverse transcriptase in 1970 (Baltimore, 1970; Temin and
Mizutani, 1970) an enormous progress has been made in understanding the replication of
retroviruses (for general reviews see (Coffin, Hughes, and Varmus, 1997)). The
importance of this knowledge has been emphasized with the discovery of HIV and HTLV
and their epidemic spread around the world.
Reverse transcription is a complicated process. It is initiated in the 5´ part of the viral
genome, requires two strand-transfer events and involves three different enzymatic
activities (RNA-dependent DNA synthesis, DNA-dependent DNA synthesis and RNA
degradation in RNA-DNA duplexes), all of which are carried out by a single virusencoded peptide. The presence of two copies of viral RNA genome in each particle even
further complicates the process, since these two genomes can recombine during reverse
transcription (Clavel et al., 1989; Vogt, 1971).
All retroviruses use tRNA as a primer for initiation of minus-strand DNA synthesis
(Mak and Kleiman, 1997; Waters and Mullin, 1977). The 3´ part of tRNA is unwound
and annealed to specific sequence in the viral genome, called primer-binding site (PBS).
In a recent study the ability of a single virion to initiate reverse transcription more than
once was studied by inserting an additional PBS in the middle of a retroviral vector S2PBS (Voronin and Pathak, 2003). If both 5´ and 3´ PBSs are used for initiation of
reverse transcription, then the intervening sequences may be deleted during replication.
Analysis of replication of this vector demonstrated that such deletions occurred in 30% of
all infections in a single cycle of replication. The number indicated the lowest proportion
of virions that initiated reverse transcription more than once. However, due to multiple
possible scenarios for replication of this vector, the absolute frequency of initiation
events could not be directly calculated. In this paper we describe a mathematical model
for replication of retroviral vectors containing 2 PBSs. Several assumptions about the
reverse transcription process were incorporated into the model. We show that the model
is capable of describing all experimental data obtained in the previous paper and allows
calculation of the initiation frequency.
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C. Description of the model
Each retroviral virion contains two identical genomic RNAs (I and II). In the case of
the S-2PBS vector, each RNA contains two PBSs, labeled as 5´ and 3´ PBS. Let us
denote by k1 and k 2 the probability of reverse transcription being initiated at the 5´ and
3´ PBS, respectively. The outcome of reverse transcription depends on which of the four
PBSs are being used for initiation (initiation scenario). Let i, j, k and l describe the fact
that initiation occurred (i, j, k, l = 1) or did not occur (i, j, k, l = 0) at the 5´ (i, k) and 3´ (j,

l) PBS of first and second RNA strands, respectively. Let also I ij II kl describe the
initiation state of all PBSs in a virion, with Iij describing the first RNA strand and IIkl
describing the second strand. So, for instance, I 01 II 11 means that initiation occurred at the
3´ PBS of the first strand and at both PBSs of the second strand of viral RNA.
Probability of each initiation scenario can be calculated as follows:

p(I ij II kl ) = k1i + k (1 − k1 )

2−i − k

k 2j +l (1 − k 2 )

2 − j −l

.

All possible initiation scenarios are shown on Fig. 1. Each binding scenario leads to
formation of certain proviral structures. For a large proportion of initiation scenarios the
resulting proviral structures depend on the mode of the first obligatory template switch of
the reverse transcription, called minus-strand DNA transfer. When the minus-strand
strong-stop DNA is transferred to the 3´ end of the RNA on which it originated, the
transfer is called intramolecular. When the transfer occurs to the 3´ end of the other
RNA, it is called intermolecular. The frequency with which minus-strand transfers occur
intermolecularly or intramolecularly is not known, with contradicting reports arguing for
and against predominant intramolecular transfers (Jones, Allan, and Temin, 1994;
Panganiban and Fiore, 1988; Hu and Temin, 1990). Let us now denote by q the
probability of intramolecular minus-strand DNA transfer, and by (1 − q ) the probability
of the intermolecular strand transfer. This allows the frequency of formation of each
proviral structure to be found by multiplying the probability of each binding scenario by
the probability of the corresponding intra- or intermolecular strand transfer.
Scenario I-a occurs with probability p(I10 II 00 ) = k1 (1 − k1 )(1 − k 2 ) and always leads to
2

the formation of 1GFP structure with no dependence on the mode of strand transfer.
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However, there is a symmetrical scenario, in which initiation occurs at the 5´ PBS of the
other RNA. The scenario occurs with the same probability p(I10 II 00 ) = p(I 00 II10 ) and
leads to the same proviral structures. Therefore, we do not show the symmetrical
scenario, but instead, double the probability of the shown scenario. This is done for all
scenarios, where the symmetrical scenario exists. The exceptions are scenarios I10II10,
I01II01 and I11II11 and the scenario in which none of the PBSs are used (I00II00) (not
shown).
Scenario I-b leads to 2GFP structure with probability q and to 3GFP structure with
probability (1-q). Initiation scenarios II-a and II-b do not differentiate between the two
modes of strand transfer and always lead to 1GFP and 2GFP structures, respectively.
Initiation scenario II-c leads to formation of GFP-minus structure with probability q and
to the 1GFP structure with probability (1-q). Initiation scenario II-d is the most complex,
leading to all four possible proviral structures. If the transfer is intramolecular (q) then
1GFP and 2GFP structures can be formed with equal probabilities; if the transfer is
intermolecular (1-q), then GFP-minus and 3GFP structures can be formed with equal
probabilities. Initiation scenarios III-a and III-b can lead to different proviral structures,
whose frequencies do not depend on the mode of the strand transfer. In both cases GFPminus structure is formed with 50% probability. The initiation scenario IV-a always
leads to GFP-minus proviruses.
Initiation scenarios I-a, I-b and II-c are different from all other scenarios in that only
one RNA is used to initiate reverse transcription. Therefore, they can result in only one
copy of viral DNA being synthesized. All other scenarios involve initiations on both
RNAs and may, potentially, generate two viral DNAs. It is not known whether virion is
capable of completing synthesis of two copies of DNA genome. To consider the
possibility that scenarios I-a, I-b and II-c may contribute two times less proviruses than
all other initiation scenarios we introduced parameter a, which is equal to 1 or 2 and
corresponds to the number of DNA molecules that can be potentially synthesized by one
virion. The probabilities of proviruses generated by all but the scenarios I-a, I-b and II-c
are multiplied by a to adjust for their potentially higher contribution to the final pool of
proviruses.
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Attachment sites are short sequences at the ends of retroviral genomes, which are
necessary for provirus integration to take place (Cobrinik et al., 1987; Colicelli and Goff,
1985; Colicelli and Goff, 1988; Panganiban and Temin, 1983). Proviral structures 2GFP
and 3GFP have abnormal attachment sites, which can lead to less efficient integration and
reduction of proportion of these proviruses in the infected cells. Also, the formation of
3GFP structure may be hindered even further due to the complexity of events leading to
its formation. Therefore we introduced two variables r2 and r3 , which represent the
relative reduction in efficiency of formation of 2GFP and 3GFP proviruses, respectively,
compared to the efficiency of GFP-minus and 1GFP provirus formation.
For vector S-2PBS the frequencies of GFP-minus ( F− ), 1GFP ( F1 ), 2GFP ( F2 ), and
3GFP ( F3 ) structures can be calculated as follows:
F− = 2qp(I 11 II 00 ) + a(1 − q ) p(I 10 II 01 ) + ap(I 11 II 10 ) + ap(I 11 II 01 ) + ap(I 11 II 11 ) ,
F1 = 2 p(I 10 II 00 ) + ap(I 10 II 10 ) + 2(1 − q ) p(I 11 II 00 ) + aqp(I 10 II 01 ) + ap(I 11 II 10 ) ,
F2 = r2 (2 p(I 01 II 00 ) + ap(I 01 II 01 ) + (1 − q )ap(I 10 II 01 ) + ap(I 11 II 01 )) ,
F3 = r3 (1 − q )(2 p(I 01 II 00 ) + ap(I 10 II 01 ))
and the total number of proviruses is:
T = F− + F1 + F2 + F3 .
In vector S-2PBSmut only the 3´ PBS was functional (k1=0, i=0, k=0) and
probabilities of different initiation scenarios can be calculated as follows:
p ′(I 0 j II 0l ) = k 2j +l (1 − k 2 )

2− j −l

.

Only 2GFP and 3GFP structures can be formed as a result of reverse transcription of
this vector and their frequency can be found as:
F2′ = r2 (2qp ′(I 01 II 00 ) + ap ′(I 01 II 01 ))
F3′ = 2r3 (1 − q ) p ′(I 01 II 00 )
Total number of proviruses in this case is:
T ′ = F2′ + F3′
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D. Experimental data

Fig. 2 represents the experimental results that were used for simultaneous fitting
with the model described above. All data points represent an average of three
independent experiments.
When DNA of cells infected with S-2PBS virus was digested with XbaI enzyme,
three bands were expected to appear on Southern blot. First band represented GFP-minus
provirus, second band represented both 1GFP and 2GFP proviruses and third band
represented 3GFP proviruses. Only two bands were detected, one representing GFPminus proviruses and the other representing combined 1GFP and 2GFP proviruses. The
fact that band representing 3GFP proviruses was never detected indicated that the
proportion of proviruses with 3GFP structure was very low, and constituted at most 5%
of all proviruses. Therefore, the frequency (F3) of 3GFP structure formation was set at
0.03 ± 0.03 (Fig. 2, data point 1). The intensities of the other two bands were quantified
and the proportion of GFP-minus proviruses was determined to be 29 ± 3 % (Fig. 2, data
point 2).
When DNA of cells infected with S-2PBS virus was digested with MscI enzyme, two
bands were expected to appear on Southern blot. First band represented 2GFP and 3GFP
proviruses and second band represented all GFP-positive proviruses (1GFP, 2GFP and
3GFP). The GFP-minus structure was excluded from this analysis because it was not
expected to generate a specific band after digestion with MscI. Both bands were detected
and their intensities were quantified. It was found that the intensity of the first band was
~22% of that of the second band (Fig. 2, data point 3).
In the third experiment DNA of cells infected with S-2PBSmut virus was digested
with XbaI enzyme. 1GFP and GFP-minus proviruses cannot form in this experiment,
because their formation depends on function of 5´ PBS, which is inactivated in S2PBSmut vector. Therefore, two bands were expected to appear on Southern blot. First
band represented 2GFP proviruses and second band represented 3GFP proviruses. Only
one band was present, representing 2GFP proviruses. The fact that band representing
3GFP proviruses was never detected indicated that in cells infected with S-PBSmut virus
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the proportion of proviruses with 3GFP structure was also very low, and constituted at
most 5% of all proviruses (Fig. 2, data point 4).
E. Results

Even though the model has been developed to allow different initiation efficiencies
for the 5´ and 3´ PBS, in this study both PBSs have been shown to be used equivalently.
Therefore, we introduced a parameter k to describe the initiation efficiency of any PBS in
this system (k = k1 = k2).
First, we considered the hypothesis that all virions (even with multiple initiations) can
produce a maximum of one genomic DNA (a = 1). We started with assumption that all
minus-strand DNA transfers occur intermolecularly (q = 0) and step-wise increased the
proportion of minus-strand transfers that occur intramolecularly, until the value of q
reached 1. For each value of q we determined the values of k, r1 and r2 that allowed the
best fit of theoretical function for the observed data, using the least square method. The
calculated value of k was maximal at q = 0 (k = 0.45 ± 0.04) and quasi-linearly decreased
with increase of q, reaching minimum at q = 1 (k = 0.34 ± 0.04) (Fig. 3A). Parameter r2,
describing the relative efficiency of integration of proviruses with 2GFP structure, varied
very little with maximum value of 0.34 (q = 0) and minimal value of 0.31 (q = 0.99).
Parameter r3, describing the relative efficiency of integration of proviruses with 3GFP
structure, non-linearly increased with increase of q. It was very small (< 0.1) for q < 0.8
and rapidly increased as q approached 1. Due to the fact that standard deviation was very
close to the value of the parameter, its value could not be accurately determined at q >
0.9.
Then we considered the hypothesis that virions initiating reverse transcription on two
RNAs have a two-fold higher chance to form a provirus (a = 2). Again, the parameter q
was given values between 0 and 1, and parameters k, r2 and r3 were determined using the
least squares method. In this case, the parameter k did not change and remained at 0.34 ±
0.04. Interestingly, the relative efficiency of 2GFP provirus integration (r2) varied more
when a = 2 hypothesis was assumed. The value of r2 was lowest when q = 0 (r2 =
0.28±0.14) and highest when q = 1 (r2 = 0.36±0.17). The relative efficiency of 3GFP
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provirus integration (r3) behaved almost exactly as in a = 1 hypothesis. It was very low at
q < 0.8 and could not be determined at q > 0.9.
F.

Discussion

We have developed a model to analyze the process of reverse transcription of
retroviral vectors containing two PBSs. The model is based on the general assumption
that initiation events occur randomly and independently on all four PBSs present in a
virion carrying such vectors.

Also, a number of different assumptions about viral

replication has been incorporated into the model. By fitting the parameters of the model
to the available data it was possible to define the values of two key parameters (k and r2)
describing the replication of such vectors.
Efficiency of initiation

The most interesting finding is that parameter k, describing the probability of
initiation at any given PBS, varied very little in response to different assumptions about
reverse transcription. As can be seen on Fig. 3A, its predicted values were very close to
0.4 in all cases. This means that each PBS has a 40% chance to be used for initiation of
reverse transcription. This number agrees very well with the number of primer tRNAs
stably associated with MLV and ALV genomic RNAs (0.4-0.5 per RNA strand) (Fu et
al., 1997; Peters et al., 1977). Therefore, it may be argued that placement of tRNA
represents the limiting step in the initiation process and most of tRNAs annealed to PBSs
are used for initiation efficiently. It is not clear, whether the availability of tRNA is
limiting the efficiency of placement. In MLV it has been shown that decrease in tRNA
packaging had no effect on the number of tRNAs being placed on PBS (Fu et al., 1997).
On the other hand, increase in packaging of tRNALys3 in HIV lead to increased tRNA
placement and initiation (Gabor et al., 2002).
According to our model, in a virion carrying two RNAs with two PBSs each, 87% of
all virions can be predicted to initiate reverse transcription at least once, with 35%
initiating it once, 35% initiating twice, 14% initiating on three PBSs and 3% - on all four
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PBSs. Therefore, it is obvious that a virion has the initiation capacity well in excess of
two PBSs present in a wild-type virus.
It should be noted, however, that the initiation efficiency of a PBS in a wild-type
virion might be different from that of a virion with four PBSs. It may be argued that the
additional PBSs in S-2PBS vector are competing with wild-type PBSs for a limiting
component of the initiation complex and, therefore, the 0.4 initiations/PBS may be an
underestimation. On the other hand, the presence of additional PBSs may contribute to
more efficient packaging of tRNA, which would mean that 0.4 is an overestimation of
initiation frequency in wild-type virus. Finally, in wild-type virus, PBS is present in the
context of secondary structure of RNA surrounding PBS (such as dimer-linkage
structure), which is missing for the 3´-PBS in the S-2PBS vector. This structure may
have an effect on initiation capacity of the PBS. The last two possibilities are unlikely. It
has been shown for many viruses that packaging of tRNA does not depend on the
presence of genomic RNA, and, therefore, on the presence of PBS (Levin et al., 1984;
Mak et al., 1994; Peters and Hu, 1980; Sawyer and Hanafusa, 1979). The fact that 5´ and
3´ PBSs were used with almost equal efficiency argues that RNA sequences outside of
those used to insert the 3´-PBS are not very important for initiation.
Integration of 2GFP provirus

Another parameter that was found to remain the same when different assumptions
were tested was r2. The parameter describes the relative efficiency of integration of
proviruses with 2GFP structure, as compared to that of GFP-minus and 1GFP proviruses.
The decrease may be caused by the fact that 2GFP provirus possesses heterologous
attachment sites, which may be less efficiently recognized by viral integrase (Cobrinik et
al., 1987; Colicelli and Goff, 1985; Colicelli and Goff, 1988; Panganiban and Temin,
1983). Our model predicts the decrease to be relatively minor, with r2 values around 0.3,
which is consistent with the observed phenotype of S-2PBSmut vector. Even though it
generated only 2GFP proviruses, its titer was almost as high as that of vector S-2PBS,
which would not be the case if 2GFP proviruses had a very low integration efficiency.
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Future directions

The vectors containing two PBSs can be used to study RNA-RNA and protein-RNA
interactions important for initiation of reverse transcription. This can be accomplished by
mutating the 3´ PBS-containing region and observing the effects the mutations have on
the initiation efficiency. Comparison of early products of reverse transcription generated
at the 5´ and the 3´ PBS should allow measurement of relative change in initiation
efficiency of the mutated 3´ PBS. The outcomes of reverse transcription of these mutated
vectors may be used to further test the model presented here. If successful, these
experiments will strengthen the absolute measurement of initiation efficiency of a single
PBS and may allow determination of other parameters describing reverse transcription
process, such as the nature of the minus-strand DNA transfer and the number of complete
DNA genomes that can synthesized by a single virion.
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G. Figures

FIG. 1. Initiation scenarios possible in vectors with two PBSs and their outcomes. 5´
and 3´ PBS are shown as open and striped boxes, respectively. Cloverleaf structure over
a PBS indicates that the site was used to initiate reverse transcription.
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Fig. 2. Experimental data. The reverse transcription of vectors S-2PBS and S2PBSmut may result in four possible structures of proviruses. The ratio between
different structures has been determined in a series of Southern blotting experiments on
DNA of pools of infected cells. In experiments 1 and 2, the DNA from cells infected
with S-2PBS vector was digested with XbaI and MscI restriction enzymes, respectively.
In experiment 3, the DNA of S-2PBSmut-infected cells was digested with MscI
restriction enzymes. att and att´ are MLV and SNV attachment sites, respectively.
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A.

B.

Fig. 3. Dependence of (A) initiation frequency of a single PBS, k, and (B)
relative integration efficiency of 2GFP provirus, r2, on frequency of intramolecular
minus-strand DNA transfer, q. The circles and squares represent the results for
assumption that a single virion may synthesize one and two DNAs, respectively.
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A. Abstract

We previously demonstrated that murine leukemia virus (MLV)-based vectors
containing two primer-binding sites (PBSs) have the capacity to initiate reverse
transcription more than once (Voronin and Pathak, 2003). To determine whether human
immunodeficiency virus (HIV)-based vectors also have the capacity to initiate reverse
transcription twice, we constructed a vector containing a green fluorescent protein
reporter gene (GFP) and second PBS derived from HIV type 2 (HIV-2) 3´ of GFP.
Simultaneous initiation of reverse transcription at both the 5´ HIV-1 PBS and 3´ HIV-2
PBS was predicted to result in deletion of GFP. Similar to the MLV-based vectors, GFP
was deleted in approximately 25% of all proviruses, indicating frequent dual initiation in
HIV-based vectors containing two PBSs. Quantitative PCR analysis of early reverse
transcription products indicated that HIV-1 reverse transcriptase efficiently used the HIV2 PBS. To investigate tRNA primer-RNA template interactions in vivo, we introduced
several mutations in the HIV-2 U5 region. The effects of these mutations on the
efficiency of reverse transcription initiation were measured by quantitative real-time PCR
analysis of early products of reverse transcription using initiation at the HIV-1 PBS as an
internal control. Disruption of the lower and upper parts of the U5-IR stem reduced the
efficiency of initiation 20- and 6-fold, respectively. In addition, disruption of interactions
between viral RNA and tRNALys3 TΨC and anticodon loops decreased the efficiency of
initiation 8- and 6-fold, respectively. These results demonstrate the relative influence of
various RNA-RNA interactions on the efficiency of initiation in vivo, and indicate that
the 2-PBS vector system provides a sensitive and quantitative in vivo assay for analysis
of RNA-RNA and protein-RNA interactions that can influence the efficiency of reverse
transcription initiation.
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B. Introduction

Two copies of viral genomic RNA are packaged during assembly of a retroviral
virion (Beemon, Duesberg, and Vogt, 1974; Bender and Davidson, 1976; Billeter,
Parsons, and Coffin, 1974). After fusion with a target cell, the RNA is converted into
double-stranded DNA through the process of reverse transcription (Gilboa et al., 1979;
Temin, 1981). All retroviruses use a tRNA as a primer to initiate DNA synthesis (Gilboa
et al., 1979; Mak and Kleiman, 1997; Waters and Mullin, 1977). Both human
immunodeficiency virus type 1 (HIV-1) and type 2 (HIV-2) use tRNALys3 as a primer for
initiation of reverse transcription (Clavel et al., 1986; Jiang et al., 1993; Mak and
Kleiman, 1997; Ratner et al., 1985). The tRNA is specifically packaged into virions
during assembly and is placed onto a primer-binding site (PBS) shortly after budding
(Harada, Sawyer, and Dahlberg, 1975; Leis, Aiyar, and Cobrinik, 1993; Mak et al., 1994;
Mak and Kleiman, 1997; Peters et al., 1977). The tRNA placement requires unwinding
of the primer tRNA and dissociation of inverted repeat IR-PBS stem in the viral genome.
In HIV, the tRNA placement is mediated by the proteolytically processed form of reverse
transcriptase (RT) (Liang et al., 1997). Another viral protein, nucleocapsid (NC),
possesses nucleic acid chaperone activity and is known to facilitate nucleic acids
hybridization, such as tRNA placement (De Rocquigny et al., 1992; Khan and Giedroc,
1992; Rein, Henderson, and Levin, 1998; Tsuchihashi and Brown, 1994).
Even though each HIV virion contains two RNAs and PBSs, it is currently unknown
whether HIV-1 particles have the capacity to initiate reverse transcription more than
once. Retroviral virions are estimated to contain 75-150 molecules of RT (Bauer and
Temin, 1980; Levin et al., 1993; Panet and Kra-Oz, 1978; Vogt and Simon, 1999) and
approximately 8 primer tRNAs (Huang et al., 1994; Levin and Seidman, 1979; Mak et
al., 1994; Peters et al., 1977), well in excess of the two available PBSs. Thus, the
components necessary to initiate reverse transcription more than once are present in the
virion. It is possible that the number of initiation events per virion is limited by the
number of PBSs that are functionally associated with a tRNA primer. In cell-free MLV
and ALV virions, approximately 50% of genomic RNAs have a tRNA tightly bound to
them (Fu et al., 1997; Peters et al., 1977), but the distribution of the occupied PBSs
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among infectious virions is not known. In addition, it is possible that not all PBSs
associated with tRNAs are used for initiation because of incorrect placement of the
tRNA, improper association with RT or other components of the initiation complex, and
potential inhibitory effects of RNA secondary structure near the PBS.
Initiation of reverse transcription on only one of the two co-packaged genomic RNAs
would leave the second RNA available for recombination during minus-strand DNA
synthesis. Consistent with this idea, analysis of proviruses generated by a recombining
population in SNV showed that all infected cells contained a single provirus (Hu and
Temin, 1990). It is not known whether non-recombining virions are capable of initiating
and completing synthesis of two full genomic DNAs. While it is generally believed that
one provirus is formed during each infection event, it does not mean that DNA synthesis
was initiated only once. Inefficient minus-strand DNA transfer, intermolecular minusstrand DNA template switching (Anderson et al., 1998; Hu and Temin, 1990),
degradation of viral DNA, formation of one and two long terminal repeat (LTR) circles
(Ju and Skalka, 1980; Shank and Varmus, 1978; Swanstrom et al., 1981), and
autointegration (Lee and Craigie, 1994; Shoemaker et al., 1981) could reduce the
efficiency of provirus formation (Butler, Hansen, and Bushman, 2001; Butler, Johnson,
and Bushman, 2002; Follenzi et al., 2000; Sirven et al., 2000).
The regions surrounding the PBS are known to form a specific secondary structure,
which plays a role in increasing the efficiency and specificity of initiation. Different
elements of the structure have been implicated in the process (Aiyar et al., 1992; Aiyar,
Ge, and Leis, 1994; Beerens and Berkhout, 2000; Beerens and Berkhout, 2002; Beerens,
Groot, and Berkhout, 2000; Beerens, Groot, and Berkhout, 2001; Cobrinik et al., 1991;
Cobrinik, Soskey, and Leis, 1988; Leis, Aiyar, and Cobrinik, 1993; Murphy and Goff,
1989; Wakefield, Kang, and Morrow, 1996). Two large stems, U5-leader stem and U5IR stem, are formed in the region. The stability of both of these stems has been shown to
be important for initiation in MLV, avian sarcoma and leukosis virus (ASLV) and HIV-1
(Beerens and Berkhout, 2000; Beerens, Groot, and Berkhout, 2000; Cobrinik et al., 1991;
Cobrinik, Soskey, and Leis, 1988; Murphy and Goff, 1989). While PBS forms the largest
and most important site for primer tRNA binding, additional interactions between
genomic RNA and primer tRNA have been proposed. In HIV-1, a region of the U5
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sequence called primer-activation signal (PAS) that is involved in forming a U5-leader
stem has been proposed to interact with the TΨC arm of the tRNA (Beerens and
Berkhout, 2002; Beerens, Groot, and Berkhout, 2001). In addition, studies of HIV-1
viruses modified to use tRNAHis as a primer indicated that an A-rich loop in the U5-IR
stem interacts with the anticodon loop of the primer tRNALys3 (Wakefield, Kang, and
Morrow, 1996).
To date, the importance of various RNA-RNA interactions involved in initiation of
reverse transcription has been obtained using two experimental approaches. First,
mutations that allow use of tRNAs other than tRNALys3 for initiation of DNA synthesis
have been introduced into replication competent virions and the replication properties as
well as the nature of reversion mutations that restore viral replication to wild type levels
has been studied (Kang, Zhang, and Morrow, 1999; Wakefield, Kang, and Morrow, 1996;
Wakefield, Rhim, and Morrow, 1994; Wakefield, Wolf, and Morrow, 1995). Second,
structural analysis of viral RNAs in complex with initiator tRNAs has been performed to
discern the various RNA-RNA interactions (Boulme et al., 2000; Boulme, Freund, and
Litvak, 1998; Brule et al., 2002; Freund et al., 2001; Isel et al., 1998). Both of these
approaches have been highly successful in demonstrating the importance of RNA-RNA
interactions. However, it has not been possible to determine the relative importance of
specific RNA structures to the efficiency of initiation in vivo.
We recently demonstrated that when an MLV-based vector contained an additional
PBS in the middle of the genome, both the wild-type and the inserted PBS could be used
for initiation of reverse transcription with similar efficiencies (Voronin and Pathak,
2003). Analysis of cells infected with the MLV vector also showed that the two PBSs
were used simultaneously in at least 25-30% of all infectious virions. This indicated that
in simple retroviruses at least 25% of virions are capable of forming two functional
reverse transcription complexes. However, it is not known whether lentiviruses also have
the capacity for dual initiation in single infectious particles. Several factors, including
the efficiency of tRNA packaging, tRNA placement, formation of functional initiation
complexes, and the inhibitory effects of RNA secondary structures, could influence the
ability to initiate reverse transcription twice. To determine whether HIV-1 virions have
the capacity to initiate reverse transcription more than once, we have now constructed an
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HIV-1-based vector that contains a second PBS derived from HIV-2. Analysis of
infected cells indicates that, similar to MLV, HIV-1 has the capacity to efficiently use the
HIV-2 PBS and to frequently initiate reverse transcription more than once. We have also
performed quantitative mutational analysis of the RNA-RNA interactions at the HIV-2
PBS. Analysis of the efficiency of initiation in these vectors is more quantitative because
initiation at the second PBS can provide an internal control. These studies indicate that
vectors containing two PBSs provide a sensitive and quantitative in vivo assay to
determine the relative effects of various RNA-RNA interactions on the efficiency of
reverse transcription initiation.
C. Materials and methods
Construction of vectors

Plasmid names begin with “p”, while names of viruses derived from the plasmids do
not. All HIV-1-based vectors were derived from pHR´CMVLacZ, which was a kind gift
from Dr. Inder Verma (Salk Institute) (Naldini et al., 1996b). HIV-2 sequences were
derived from HIV-2 ROD10 variant (Berkhout and Schoneveld, 1993). All vectors
contained a hygromycin phosphotransferase B gene (hygro) (Gritz and Davies, 1983),
which was expressed from an internal ribosomal entry site derived from
encephalomyocarditis virus (IRES) (Jang et al., 1988).
To construct pKD-GFP-IN, ClaI-XhoI fragment of pHR´CMVLacZ was replaced
with GFP, IRES, and neomycin phosphotransferase (neo) (Jorgensen, Rothstein, and
Reznikoff, 1979). The final structure of GFP-IRES-neo cassette was similar to that
described previously (Zhang et al., 2002). IRES and neo were then removed by EcoRIKpnI digestion and the plasmid backbone was used to insert an IRES-hygro cassette
obtained by digestion of pLW1 with PvuI and ClaI (Julias et al., 1997). The resulting
plasmid was called phGFP-Hy. To construct vectors with 2 PBSs, U5-PBS-leader
sequence of HIV-2 ROD10 was PCR-amplified in two steps. First, the U5-PBS region
was amplified with forward primer ROD10-F (5´GGAATTCAGTTAAGTGTGTGCTCCCATCTCTCC-3´) and reverse primer HIV2PBS-R (5´-CTTCAAGTCCCTGTTCGGGCGCCAACC-3´) and the PBS-leader was
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amplified with forward primer HIV2-PBS-F (5´GCAGGTTGGCGCCCGAACAGGGACTTG-3´) and reverse primer ROD10-R (5´GGGGTACCCGGGCACTCCGTCGTGGTTTGTTCC-3´). In the second step, the two
PCR products were joined by mixing and amplifying with primers ROD10-F and
ROD10-R. The primers HIV2-PBS-F and HIV2-PBS-R introduced a C310T mutation in
HIV-2 PBS. ROD10-F and ROD10-R primers were designed to contain an EcoRI and a
KpnI site at the 5´ end and the 3´ end, respectively. The PCR product was digested with
EcoRI and KpnI and inserted in corresponding sites in pKD-GFP-IN, removing the IRESneo sequences. The resulting plasmid was called pHIV-PBS. The IRES-hygro cassette
was inserted into SmaI site downstream of the HIV-2 PBS region, resulting in ph2PBS.
To remove CMV promoter from phGFP-Hy, phMut, and ph2PBS, the vectors were
digested with SalI and ClaI and ligated with NotI fragment derived from pGL1 (Gibco)
that encoded GFP. The resulting plasmids were named pdhGFP-Hy, pdhMut, and
pdh2PBS, respectively.
Mutants of HIV-2 U5-PBS region were generated using PCR mutagenesis. Briefly,
the region was amplified with Taq polymerase (Takara) using two sets of mutagenic
primers, and subcloned into pPCR-Script vector by blunt-end ligation (Stratagene). After
confirming the presence of the desired mutation by sequencing, the fragment was
subcloned into dhGFP-Hy backbone to generate analogs of dh2PBS plasmid with desired
HIV-2 PBS mutations.
Cells, transfections, and virus propagation

293T cells were obtained from the American Type Culture Collection. HeLa-tat-III
cells were obtained through the AIDS Research and Reference Reagent Program,
Division of AIDS, NIAID, NIH, from Dr. William Haseltine and Dr. Ernest Terwilliger
(Rosen et al., 1986; Terwilliger et al., 1988). HeLa-tat-III cells express Tat protein of
HIV-1, which allows transcription of Tat-deficient vectors from HIV-1 LTR promoter.
Cells were grown in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
calf serum (HyClone Laboratories, Inc.). Penicillin (50 U/ml, Gibco) and streptomycin
(50 µg/ml, Gibco) were also added to the medium. Cells were maintained at 37ºC with
5% CO2.
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All transfections were performed with CalPhos Transfection Kit (Clontech).
For stable transfections of vectors into 293T cells, 4 µg of vector DNA was
cotransfected with pCV1 (molar ratio 3:1). pCV1 was obtained through the AIDS
Research and Reference Reagent Program, Division of AIDS, NIAID, NIH, from Dr.
Flossie Wong-Staal (Arya et al., 1985). It expresses Tat and Rev proteins necessary for
expression of vectors from HIV-1 LTR promoter. Cells were plated the day before
transfection at 2 × 105 cells per 10-cm dish. Transfection was performed for 3 hours,
after which the cells were washed with 6 ml of media and fresh media was added. The
day after transfection, the media was replaced with the media containing 250 µg/ml of
hygromycin to select for stably transfected cells. After two weeks, approximately 7001500 resistant colonies were pooled and expanded for each experiment.
Virus produced by transient transfections was used to measure viral titers and
generate pools of infected cells for fluorescence activated cell sorting (FACS) and
Southern blotting analysis. 293T cells were plated at 2 × 106 cells per 10-mm dish and on
the next day were transfected with vector, pCMV∆R8.2 (Naldini et al., 1996a) and
pHCMV-G (molar ratio 1:1:1; total 20 µg) (Yee et al., 1994). On the following day, the
cells were washed with 6 ml of media and fresh media was added. The virus was
collected 24 h later.
Ten-fold serial dilutions of virus-containing supernatant were used to infect 2 × 105
HeLa-tat-III cells per 60-mm-diameter dish. Infections were performed in the presence
of Polybrene (50 µg/ml) for 2 h. The infected cells were subjected to hygro selection 24
h postinfection (250 µg/ml of hygromycin). Viral titers were determined by quantitation
of hygromycin-resistant colonies approximately 2 weeks after infection.
Detection of GFP expression by flow cytometry

The HeLa-tat-III cells were infected at a multiplicity of infection of less than 0.1.
Approximately 10,000 hygromycin-resistant infected colonies were pooled for analysis.
The percentage of GFP-expressing cells was measured using flow cytometry
(FACSCalibur; Becton Dickinson); at least 10,000 events were collected for each
experiment and the results were analyzed using CellQuest software (Becton Dickinson).
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Southern blotting analyses

Genomic DNA was isolated from infected cells with the AquaPure Isolation Kit (BioRad) and proviral structures were analyzed by Southern blot hybridization as previously
described (Delviks, Hu, and Pathak, 1997). A 1.2-kb DNA fragment containing hygro
was used to generate a probe. Quantitation of bands was performed using a
Phosphorimager and Quantity One software program (Bio-Rad).
Quantitative real-time PCR analysis

2 × 106 293T cells stably expressing each vector were plated per 100-mm dish the day
before transfection. The cells were transfected with pCMV∆8.2 and phCMV-G (1:1
molar ratio; total of 8 µg) overnight. After transfections, the cells were washed with 6 ml
of media and fresh media was added. The virus was collected after 24 h, filtered (0.45
µm, Corning) and incubated with DNase I (Roche, 30 units/ml) and MgCl2 (10 mM final
concentration) at room temperature for 30 min to minimize carry-over of transfected
DNA. Approximately 3 × 106 293T cells were infected in the presence of 50 µg/ml
Polybrene for 0, 1, 2 and 6 h, after which the cells were washed once with 6 ml of
phosphate-buffered saline. Cells harvested 6 h after infection were washed with fresh
media at 2 h post-infection. QIAmp DNA Blood Mini Kit (Qiagen) was used to extract
total cellular DNA from infected cells. DNA from approximately 105 cells was used for
each real-time PCR reaction. R-U5 region was detected using forward primer 5´AGCTTGCCTTGAGTGCTTCAA -3´, reverse primer 5´TGACTAAAAGGGTCTGAGGGATCT -3´, and probe 5´-FAMAGAGTCACACAACAGACGGGCACACTA -TAMRA-3´. The U5-Ψ region was
detected using forward primer 5´-TCTGTTGTGTGACTCTGGTAACTAGAGA-3´,
reverse primer 5´-CCGTGCGCGCTTCAG-3´, and probe 5´-FAMCCCGAACAGGGACTTGAAAGCGAAAG -TAMRA-3´. The GFP region was
detected using forward primer 5´-TCAGACACAACATTGAGGATGGA -3´, reverse
primer 5´-CGCCGATTGGAGTGTTCTGT-3´, and probe 5´-FAMCCGTGCAGCTGGCCGACCAT-TAMRA-3´. The hygro region was detected using
forward primer 5´-ACGAGGTCGCCAACATCTTC-3´, reverse primer 5´CGCGTCTGCTGCTCCAT-3´, and probe 5´-FAM-
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CAAGCCAACCACGGCCTCCAGA-TAMRA-3´. The final concentrations of primers
and probe were 600 nM and 75 nM, respectively.
Three-fold serial dilutions of pdhGFP-Hy were used to generate a standard curve
ranging from 17 to 1,000,000 copies of DNA per PCR reaction. The same dilutions were
used to generate a standard curve for each primer-probe set, which allowed accurate
measurement of relative amounts of DNA products detected by different sets. The
correlation coefficient for all standard curves was > 0.99. The amount of each PCR
product in the sample was determined from a standard curve generated with that
particular primer set.
To normalize the amount of DNA analyzed in the real-time PCR experiments, each
sample was also analyzed with a primer set designed to detect porphobilinogen
deaminase (PBGD) gene (Genbank access number M95623) (kindly provided by Dr.
Michael Piatak, AIDS Vaccine Program, SAIC-Frederick) (Yoo et al., 1993). The
sequence of the PBGD primer set is as follows: the forward primer was 5´AGGGATTCACTCAGGCTCTTTCT -3´, the reverse primer was 5´GCATGTTCAAGCTCCTTGGTAA -3´, and probe was 5´-FAMCAGGCTTTTCTCTCCAATCTGCCGGA -TAMRA-3´.
D. Results
Structure of HIV-based vectors containing two PBSs and protocol to determine dual
initiation

We constructed two HIV-based retroviral vectors to determine whether two initiation
events can occur in the same virion during reverse transcription (Fig. 1A). Vector
dhGFP-Hy contains 5´ and 3´ LTRs, PBS, packaging signal (Ψ), polypurine tract (PPT),
and other cis-acting elements required for vector propagation. dhGFP-Hy also expresses
hygro, which confers resistance to hygromycin (Gritz and Davies, 1983), and GFP from a
single bicistronic transcript initiating from the 5´ HIV LTR. The transcription is driven
from LTR and requires Tat, which is not expressed from the vectors in this study.
Therefore, efficient transcription of vectors requires expression of Tat in both producer
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and target cells. Translation of hygro is facilitated by the presence of an IRES (Jang et
al., 1989; Jang et al., 1988).
We constructed vector dh2PBS by insertion of a 224-bp sequence containing the PBS
derived from ROD10 isolate of HIV-2 between GFP and IRES (Fig.1A). The PBS that is
located just downstream of the 5´ LTR is referred to as the 5´ PBS and the HIV-2 PBS is
referred to as the 3´ PBS throughout the text. The predicted structures of the HIV-1 and
HIV-2 U5-leader regions including the PBS in complex with the tRNA primer are shown
in Fig. 1B. HIV-2, like HIV-1, uses tRNALys3 as a primer and 17 of 18 nucleotides of the
HIV-2 PBS are identical to those of the HIV-1 (Fig. 1C). However, there is very little
homology between sequences surrounding the PBS in HIV-1 and HIV-2. The inserted
sequence contains the complete HIV-2 U5 (129 nt), including the HIV-2 attachment site
(att site), the PBS (18 nt), and a portion of the 5´ untranslated leader sequence (77 nt).
The PBS of the ROD10 isolate of HIV-2 slightly differs from that of many other HIV-1
and HIV-2 isolates (Das, Klaver, and Berkhout, 1997). In most isolates, the position 310
is occupied with C, while ROD10 has T, which has been proposed to occur due to
infrequent use of a variant of tRNALys, tRNALys5 (Das, Klaver, and Berkhout, 1997;
Soderberg et al., 2002). Both nucleotides can base pair with the eighth nucleotide (G) of
the primer tRNALys3. In order to eliminate any effects of different PBS sequences or use
of different tRNAs on the efficiency of initiation at HIV-1 and HIV-2 PBSs, nucleotide
310 of HIV-2 PBS was mutated from T to C (Fig. 2B).
Previously, we have observed that insertion of the homologous PBS in the middle of
the retroviral vector resulted in a high frequency of deletions through RT switching
templates during the process of reverse transcription due to the formation of directly
repeated sequences in the vector (unpublished results). Therefore, the HIV-2-derived
PBS region, which lacks significant homology to the HIV-1 PBS, was chosen for
insertion in the middle of the HIV-1-based vector. In this vector, direct-repeat deletion
through RT template switching is not expected to occur because the inserted HIV-2
sequence has only 49% homology to the HIV-1 sequence (Fig. 1C).
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Reverse transcription of vectors with two PBSs

Each viral RNA containing two PBS regions can initiate reverse transcription at either
the 5´ PBS (Fig. 2A), at the 3´ PBS (not shown), or at both PBSs (Fig. 2B). Each of these
initiation scenarios results in a provirus with a different structure. A GFP-positive
provirus, the structure of which is identical to the original vector, is generated when
initiation occurs only at the 5´ PBS and reverse transcription is completed through strand
transfer and DNA synthesis steps expected for replication of a normal retrovirus (Coffin,
Hughes, and Varmus, 1997) (Fig. 2A). If initiation occurs only at the 3´ PBS, an
unusually long minus-strand strong stop DNA containing R, U5, PBS, Ψ and GFP is
formed. After completion of reverse transcription, a proviral structure that contains a
second PBS, Ψ signal, and GFP downstream of the 3´ LTR is formed (not shown)
(Voronin and Pathak, 2003). Initiation of reverse transcription at both 5´ and 3´ PBSs
leads to the formation of a provirus with a GFP-minus structure, which does not contain
GFP and Ψ sequences (Fig. 2B). Initiation occurring at the 5´ PBS results in formation
of normal minus-strand strong-stop DNA, which is transferred to the 3´ end of the viral
RNA through homology between 3´ and 5´ R. Initiation at the 3´ PBS results in the
formation of a minus-strand DNA that codes for the GFP, Ψ, and PBS. DNA synthesis
initiating at the 3´ PBS does not extend past the PBS, because initiation of reverse
transcription at the 5´ PBS results in degradation of the R and U5 regions by the RNase H
activity of RT (Artzi et al., 1996). Due to the lack of homology to the R region, this
product cannot be used for minus-strand DNA transfer; as a result, it is not involved in
subsequent steps during reverse transcription. The RNA sequences corresponding to
GFP, Ψ, and 5´ PBS are degraded during minus-strand DNA synthesis initiating from the
3´ PBS. Therefore, DNA synthesis that initiated at the 5´ PBS and transferred to the 3´
end of viral RNA is extended to the 3´ PBS but not further. Plus-strand DNA synthesis is
initiated at the PPT and extended through U3, R, U5, and the first 18 nt of the primer
tRNA. It is transferred to the 3´ PBS and reverse transcription is completed, resulting in
the GFP-minus structure.
To summarize, one of the consequences of inserting a second functional PBS in the
HIV-based vector is that initiation of reverse transcription at both the 5´ and the 3´ PBS
can result in the formation of the GFP-minus provirus structure, which cannot express
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GFP. It is important to point out that multiple initiations in a single virion do not always
lead to the GFP-minus provirus structure and the observed frequency of deletions
provides the lowest estimation for the frequency of multiple initiations (Voronin and
Pathak, 2003) (see Discussion).
GFP expression in vectors containing two PBSs

We determined the replication ability of vectors dhGFP-Hy and dh2PBS using a
protocol outlined in Fig. 3. Each vector, HIV-1 helper construct pCMV∆R8.2, and
pHCMV-G envelope expression construct were cotransfected into 293T cells and the
resulting virus was collected 24 h later. The virus was used to infect HeLa-tat-III cells,
which express Tat protein and, therefore, allow vector expression in the absence of the
helper construct. Infected cells were selected for resistance to hygromycin, and pools of
infected cells were analyzed by FACS to determine the frequency of infected cells that
expressed GFP. In addition, DNAs isolated from pools of infected cells and from single
infected cell clones were analyzed by Southern blotting to determine proviral structures.
The titers of each vector were determined in three independent infections by selection
of infected cells for resistance to hygromycin and quantifying the numbers of
hygromycin-resistant colonies. Average dhGFP-Hy titer was 104 ± 20 × 104 CFU/ml.
The titer of dh2PBS vector was similar to the dhGFP-Hy control vector (56 ± 12 × 104
CFU/ml), indicating that the presence of the 3´ PBS did not have a deleterious effect on
viral replication.
To determine whether the presence of the functional 3´ PBS led to deletion of GFP,
we performed flow cytometry analysis of pools of cells infected with dhGFP-Hy and
dh2PBS virus. Five independent experiments were performed to determine the average
frequencies of GFP-positive and GFP-negative cells; a representative FACS analysis is
shown in Fig. 4A. Analysis of cells infected with dhGFP-Hy virus and selected for
hygromycin resistance indicated that < 1% of the infected cells were GFP-negative. In
contrast, flow cytometry analysis of cells infected with dh2PBS virus and selected for
hygromycin resistance indicated that the frequency of GFP-negative cells was 24 ± 3.6%.
This frequency of GFP-negative cells is very similar to the 26% frequency of GFPnegative cells observed after infection with an MLV-based vector containing a second
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PBS derived from spleen necrosis virus (Voronin and Pathak, 2003). Since the dh2PBS
virus is expected to have two functional PBSs and the control vector dhGFP-Hy has only
one functional PBS, the higher proportion of GFP-negative cells was correlated with the
presence of two PBSs. The result strongly suggested that in 24% of the cells infected
with dh2PBS virus, GFP was deleted through initiation of reverse transcription at both
the 5´ and the 3´ PBSs.
Analysis of proviral structures to determine frequency of GFP deletion

The structures of proviruses generated after infection with dh2PBS vectors is outlined
in Fig. 4B. When genomic DNA of infected cells is digested with SacI, the GFP-positive
proviral structures are expected to generate a 4.9-kb band; in contrast, the GFP-minus
proviral structure is expected to generate a smaller 2.8-kb band. Both bands can be
visualized by hybridization of hygro probe and the relative proportion of each band can
be quantified by Phosphorimager analysis.
We first analyzed genomic DNAs isolated from clones of single HeLa-tat-III cells
infected with the dh2PBS virus (Fig. 4C). Flow cytometry analysis was performed to
identify and isolate 10 GFP-positive and 10 GFP-negative clones. Genomic DNAs from
each of the cell clones was digested with SacI and analyzed by Southern blotting;
representative results obtained from six GFP-positive and six GFP-negative cell clones
are shown in Fig. 4C. Five of the six GFP-negative clones generated the 2.8-kb band,
confirming the presence of a GFP-minus provirus structure. The presence of the
predicted 2.8-kb band in the GFP-negative cell clones provided strong evidence that
reverse transcription was initiated at both the 5´ and 3´ PBS in the same virion and
resulted in the formation of the GFP-minus proviral structure as shown in Fig. 3B. One
GFP-negative clone (lane 3) generated a band that was larger than the 2.8-kb band
expected from a GFP-minus structure and smaller than the 4.9-kb band expected from a
GFP-positive proviral structure. We hypothesize that this clone contained an abnormal
provirus that was generated through an error occurring during reverse transcription. All
six of the GFP-positive cell clones generated the expected 4.9-kb band . Of the 10 GFPnegative clones analyzed, seven generated the expected 2.8-kb band and of the 10 GFPpositive clones, nine generated the expected 4.9-kb band (data not shown).
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Next, we analyzed genomic DNAs from five independent pools of infected cells to
determine the relative proportions of GFP-positive and GFP-minus proviral structures.
Representative results from one set of pools are shown in Fig. 4D. The frequency of
GFP-minus proviral structures was estimated by quantitative PhosphorImager analysis of
the 4.9- and 2.8-kb bands. Genomic DNA from cells infected with dhGFP-Hy was used
as a control. As expected, analysis of DNA from dhGFP-Hy-infected cells revealed a
single 4.8-kb band after SacI digestion; this band is slightly smaller than the 4.9-kb band
generated by dh2PBS because it lacks the 3´ PBS fragment. Because only the 5´ PBS
was present in this vector, deletion of GFP through initiation of reverse transcription at
two PBS sites was not expected to occur. Quantitation of the 2.8- and 4.9-kb bands
observed from five independent infections with dh2PBS virus indicated that on average
approximately 27 ± 2% of the cells contained the GFP-minus proviral structure. This
GFP-deletion frequency was in agreement with the 24% frequency of GFP-negative cells
observed after flow cytometry analysis of infected cells (Fig. 4A).
The fact that the 2.8-kb band was not observed for dhGFP-Hy vectors indicated that
the GFP-minus proviral structure was formed only when the vector contained two PBSs.
This result also strongly supported the view that during infection with dh2PBS, reverse
transcription was initiated at both the 5´ and the 3´ PBSs in the same virion, which
resulted in the formation of the GFP-minus proviral structures.
Quantitative PCR analysis of reverse transcription initiation in vectors containing
two PBSs

To determine the kinetics and relative efficiencies of reverse transcription initiation at
the 5´ and the 3´ PBS, we analyzed the products of reverse transcription 0.5, 1, 2, and 6 h
after infection. The locations of the real-time PCR primer and probe sets are shown in
Fig. 5A. The primer sets R-U5 and GFP were used to detect R-U5 and GFP products,
which provided a measure of initiation of reverse transcription at the 5´ and 3´ PBS,
respectively. The Hygro primer set was used to detect reverse transcription products after
minus-strand DNA transfer. The U5-Ψ primer set was used to detect late reverse
transcription products after plus-strand DNA transfer. Four independent infection
experiments were performed and the copy number of each target sequence was

103

determined three times using DNA from approximately 104-105 infected cells. The
amounts of cellular DNAs analyzed were normalized by determining the copy number of
a cellular PBGD gene.
To determine the kinetics of reverse transcription initiation, 293T cells were infected
with dhGFP-Hy virus and the R-U5 products at 0.5, 1, and 2 h after infection were
compared with the amount of the R-U5 product detected at 6 h. The total amount of RU5 products at 0.5, 1, and 2 h after infection were 2-4%, 12-20%, and 45-75% of the
products detected 6 h after infection, respectively (data not shown). Because only a small
percentage of reverse transcription initiation events occurred at 0.5 h after infection (24%) and most of the initiation events had occurred 2 h after infection (45-75%), we
compared the relative amounts of reverse transcription products 1 and 2 h after infection
for the dhGFP-Hy and dh2PBS vectors (Fig. 5B). To compare the relative efficiency of
initiation at the 3´ PBS, the amount of the R-U5 product was set to 100%. The primary
reverse transcription product detected in cells infected with dhGFP-Hy 1 h after infection
was R-U5. The reverse transcription products detected by the Hygro, GFP and U5-Ψ
primer sets were less than 20% of the R-U5 product, indicating that most of the minusstrand strong-stop DNAs were not transferred to the 3´ end of the genome and extended
to the Hygro primer set. In contrast to dhGFP-Hy reverse transcription products, the
profile of reverse transcription products detected 1 h after infection with dh2PBS
indicated that the levels of GFP products (82%) were similar to the levels of the R-U5
products. The high levels of GFP products indicated that reverse transcription was
initiated at the 5´ and 3´ PBS sites with similar efficiencies. The reverse transcription
products detected by the Hygro and U5-Ψ primers for the dh2PBS virus remained below
20% of the R-U5 primers, indicating that, as expected, the minus- and plus-strand transfer
steps were not affected by the presence of the 3´ PBS.
Analyses of the reverse transcription products 2 h after infection with the dh2PBS
virus indicated that the relative amount of GFP products was approximately 90% of the
R-U5 products, which was significantly higher than the GFP products detected for the
dhGFP-Hy virus (20%). The higher amounts of GFP products detected for the dh2PBS
virus confirmed that initiation of reverse transcription at the 3´ PBS occurred with a high
efficiency.
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Analyses of the reverse transcription products 6 h after infection with dhGFP-Hy
indicated that the products detected by the Hygro, GFP, and U5-Ψ primer sets were
between 40 to 50% of the R-U5 products. This result was expected since reverse
transcription leads to duplication of the LTRs, which include the R-U5 regions. Each
completely synthesized dhGFP-Hy viral DNA should contain two copies of LTRs that are
detected by R-U5 primer set, and one copy of the Hygro, GFP, and U5-Ψ sequences.
Analyses of the reverse transcription products 6 h after infection with dh2PBS
indicated that the products detected by the Hygro and U5-Ψ primer sets were between 30
to 40% relative to the R-U5 products. These levels of products detected by the Hygro
and U5-Ψ primer sets relative to the R-U5 primer set are in close agreement with the
theoretical maximum of 50%. Surprisingly, the levels of GFP products were similar to
the levels of R-U5 products. One possible explanation was that initiation of reverse
transcription at only the 3´ PBS resulted in the GFP gene being duplicated downstream of
the 3´ LTR. If that were the case, however, the 2GFP structure would also predict
duplication of the U5-Ψ product, which was not observed. This result suggested that the
efficiency of initiation at the 3´ PBS was higher than the initiation efficiency at the 5´
PBS.

Mutagenesis of HIV-2 PBS region

We utilized the vectors containing two PBSs to investigate the impact of different
RNA-RNA interactions within the tRNA-template complex on the efficiency of initiation
at the 3´ PBS derived from HIV-2. Several mutations were introduced into the HIV-2
PBS and U5 sequences in the dh2PBS vector (Fig. 6). Mutations H1 and H2 disrupted
the complementarity of the lower portion of the U5-IR stem by mutating the sequences
either distal or proximal to the PBS, respectively; the double mutant H1H2 restored the
complementarity and the stem structure. Similarly, mutants H3 and H4 disrupted the
complementarity of the upper part of the U5-IR stem by mutating either the distal or
proximal regions to the PBS, respectively; the double mutant H3H4 restored the
complementarity and the stem structure. Mutation H5 targeted a portion of the U5 region
that was previously proposed to interact with the TΨC arm of tRNALys3 (Freund et al.,
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2001). Mutant H6 was designed to block the proposed interaction between the A-rich
loop of viral RNA with the AC loop of the primer tRNA (Boulme et al., 2000; Freund et
al., 2001). Finally, the H7 mutant disrupted annealing of tRNA’s 3´ terminal CCA with
the 5´ region of the HIV-2 PBS.
To test the effect these mutations had on the efficiency of initiation at the 3´ PBS
derived from HIV-2, four independent infections were performed; 1 and 2 h after
infection, total cellular DNA was isolated. The amounts of early reverse transcription
products generated by initiation at the HIV-2 PBS (GFP products) were measured and
compared to the amounts of early products generated by initiation at the 5´ PBS (R-U5
products), which served as an internal control. Most of the copy numbers detected for the
GFP and the R-U5 primer sets were at least 5-fold above the negative control (<50
copies). The absolute copy numbers of the R-U5 products varied between different
infections from 2 × 103 to 5 × 105 due to variation in transfection, infection, and DNA
recovery efficiencies.
The results obtained are summarized in Table 1. The GFP products detected 1 and 2
h after infection with dhGFP-Hy were 3.3 and 19.7% of the R-U5 products, respectively.
These %GFP/R-U5 values were calculated as GFP/R-U5 × 100%. Because only the 5´
PBS is present in dhGFP-Hy, the result indicated that 3.3 and 19.7% of the reverse
transcription initiation events underwent minus-strand DNA transfer and were extended
to form the GFP products 1 and 2 h after infection, respectively. The %GFP/R-U5
detected after infection with dhGFP-Hy represented the background signal due to
initiation at the 5´ PBS; therefore, these %GFP/R-U5 values were subtracted from the
%GFP/R-U5 values obtained for all vectors containing a wild type or mutated 3´ PBS
(Table 1, adjusted %GFP/R-U5 column).
In contrast to dhGFP-Hy, the %GFP/R-U5 values for the dh2PBS virus 1 and 2 h
after infection were 85.2 and 92.5%, respectively. Because the dh2PBS virus contained a
wild type HIV-2 PBS region, the adjusted %GFP/R-U5 values for this vector were set to
100%. Thus, the adjusted %GFP/R-U5 values for the mutants represent the efficiency of
initiation at the 3´ PBS relative to the efficiency of initiation at the 5´ PBS of the dh2PBS
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virus. With the exception of H2, the initiation efficiencies obtained 1 and 2 h after
infection were in agreement for all mutants.
As shown in Table 1, the H1 mutant, which had a substitution of the distal portion of
the lower stem, exhibited an efficiency of initiation that was approximately 4.5 and 5.1%
the efficiency of the wild type HIV-2 PBS. This indicated an average decrease in
initiation efficiency of 20.9-fold. Similarly, the H2 mutant, which had a substitution of
the proximal portion of the lower stem, exhibited initiation efficiencies of 5 and 11.6%
relative to wild type HIV-2 PBS (average 14.3-fold decrease). However, the H1H2
mutant, which restored the complementarity and the lower stem, exhibited an initiation
efficiency that was 109.7 and 94.5% of the wild type HIV-2 PBS efficiency. This result
indicated that the lower part of the U5-IR stem was important for the efficiency of
initiation.
Similarly, mutants H3 and H4, which substituted the distal and proximal portions of
the upper portion of the U5-IR stem, reduced the efficiency of initiation by 6.1- and 4.6fold, relative to the wild type HIV-2 PBS. By contrast, the H3H4 mutant, which restored
the complementarity and the upper part of the U5-IR stem, restored the efficiency of
initiation to 95.9 and 83.6% of that of the wild type HIV-2 PBS. These results
demonstrated that the upper portion of the U5-IR stem is also important for maintaining
the efficiency of initiation.
Mutant H5, which disrupted the proposed interaction between the anticodon loop of
tRNALys3 and the A-loop in U5, exhibited a 6.2-fold decrease in the efficiency of
initiation, indicating that the A-loop sequence influences the efficiency of initiation.
Similarly, mutant H6, which disrupted a proposed interaction between the PAS sequence
in U5 and tRNALys3, exhibited a 7.2-fold decrease in the efficiency of initiation.
Finally, mutant H7, which disrupted the interaction between the 3´ CCA of tRNALys3
and the PBS, exhibited the largest decrease in the efficiency of initiation (22-fold). The
severe reduction in the efficiency of initiation was consistent with previous observation
indicating that primer-template mismatches in the 5´ region of PBS are highly detrimental
for viral replication (Das and Berkhout, 1995; Rhim, Park, and Morrow, 1991; Voronin
and Pathak, 2003).
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E. Discussion

The results of this study show that an HIV-1-based vector containing two PBSs has
the capacity to initiate reverse transcription more than once. The results of both flow
cytometry and Southern blotting analyses were in close agreement with each other. The
results indicated that 27% of the infectious HIV-1 particles derived from vectors
containing two PBSs initiated reverse transcription twice, which resulted in GFP deletion.
The 27% frequency of GFP deletion was very similar to that previously observed in
MLV-based vectors containing two PBSs. These results suggest that lentiviruses and
gammaretroviruses have similar capacities to initiate reverse transcription more than
once. It is important to note that multiple initiations in a single virion do not always
result in the formation of a GFP-minus provirus. For example, if two initiations occur on
one of the copackaged RNAs, but minus-strand DNA transfer occurs intermolecularly, a
GFP-positive proviral structure is formed. A more thorough consideration of various
reverse transcription scenarios for vectors containing two PBSs was described previously
(Voronin and Pathak, 2003). Briefly, it was assumed that initiations of DNA synthesis
occur randomly on the four PBSs and that intramolecular and intermolecular minusstrand DNA transfers occur with similar efficiencies; based on these assumptions, the
predicted frequency of GFP-minus proviral structures is 25% if all of the virions initiate
reverse transcription twice. Thus, the observation that 27% of the HIV-1 vectors
containing two PBSs generate a GFP-minus proviral structure represents an
underestimate of virions that underwent dual initiation of reverse transcription.
The results of our studies show that HIV-1 proteins can efficiently utilize the HIV-2
PBS region to initiate reverse transcription in vivo. These results confirm and extend
previous observations from in vitro studies indicating that HIV-1 RT can initiate reverse
transcription using tRNALys3 primer annealed to HIV-2 PBS (Boulme, Freund, and
Litvak, 1998). Real-time PCR analysis of early reverse transcription products indicated
that the HIV-2 PBS was used at least as efficiently as the HIV-1 PBS. Based on the fact
that the R-U5 products are present in both LTRs, we expected that the R-U5 products
would be twice as abundant as the GFP products after completion of reverse
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transcription. The observation that the GFP product levels were equivalent to the R-U5
product levels suggests the intriguing hypothesis that reverse transcription initiation
occurred more efficiently at the HIV-2 PBS than at the HIV-1 PBS. It is possible that the
RNA structures surrounding the HIV-1 PBS reduced the efficiency of initiation at the
HIV-1 PBS. Interestingly, previous analysis of MLV-based vectors containing two PBSs
indicated that the GFP products levels were indeed approximately 50% of the R-U5
products 24 h after infection (Voronin and Pathak, 2003). One possible explanation for
this apparent difference between the HIV and MLV viruses is that initiation at the HIV-1
PBS is less efficient than initiation at the MLV PBS. Thus, even though the two viruses
have similar capacities for dual initiation, other factors such as RNA secondary structure
could influence the efficiency of initation at the 5´ PBS.
Our studies demonstrate that vectors containing two PBSs provide a quantitative in
vivo assay for analysis of reverse transcription initiation. Several features of the assay
described here contribute to the quantitative analysis of initiation. First, viral replication
is limited to a single cycle and early products of reverse transcription are analyzed so that
potential effects of the mutations on other aspects of viral replication (for example,
transcription and integration) are eliminated from the analysis. Second, quantitative PCR
technique was used to enhance the sensitivity of the assay so that the effects of mutations
on the efficiency of initation could be determined over at least a 20-fold range. Third and
perhaps most important, the 5´ PBS was used as an internal control to eliminate the
possible influence of differences in virus production and infection between wild type and
mutant vectors.
The in vivo mutational analysis of the HIV-2 PBS region is in good agreement with
previously published results (Berkhout and Schoneveld, 1993; Boulme et al., 2000;
Freund et al., 2001). Analysis of H1, H2, and H1H2 mutants indicates that the lower part
of the U5-IR stem is important for efficient initiation. Similarly, analysis of the H3, H4,
and H3H4 mutants indicated that the upper part of the U5-IR stem is also important for
efficient initiation. The fact that the compensatory mutations (H1H2 and H3H4) restored
initiation efficiency to wild type levels provides strong evidence that these regions
interact with each other to form stems that are important for efficient initation of reverse
transcription. The observation that the H1 and H2 mutations had a greater effect on
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initiation efficiency (15- to 20-fold reduction) than the H3 and H4 mutations (5- to 6-fold
reduction) suggests that the lower part of the stem is quantitatively more important for
initiation efficiency than the upper part of the stem. However, it is possible that these
mutations resulted in the formation of other RNA secondary structures that were
detrimental to reverse transcription initiation. Mutations H5 and H6 disrupted the
proposed interactions with the TΨC and the AC loops, respectively (Berkhout and
Schoneveld, 1993; Boulme et al., 2000). The results suggest that these U5 sequences are
important for efficiency of initiation; however, it will be necessary to restore these
interactions by using mutant tRNAs to verify that the U5 sequences indeed interact with
elements of the primer tRNA.
In this study, we used vectors containing two functional PBSs that use the same
primer tRNA. These vectors were designed to insure that the HIV-1 proteins could
package the specific primer tRNA and carry out tRNA placement. In future studies, the
ability of HIV-1 proteins to package other tRNAs and carry out proper tRNA placement
could be explored by insertion of heterologous PBSs that utilize other tRNAs. For
example, a PBS region designed to use tRNAHis could be inserted into the vectors and the
efficiency of initiation using tRNALys3 and tRNAHis could be compared. Additionally, the
ability of HIV-1 proteins to utilize highly divergent PBS regions (for example, derived
from MLV or ALV) and to package corresponding primer tRNA (tRNAPro and tRNATrp)
could be determined.
In additional studies, mutational analysis of the HIV-1 PBS could be performed by
using the HIV-2 PBS at the 5´ position and inserting the HIV-1 PBS at the 3´ location.
Finally, mutational analysis of virally encoded RT, NC, and IN could be performed to
identify determinants of viral proteins that play an important role in initiation of reverse
transcription.
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G. Figures and tables

Table 1. Quantitative real-time PCR analysis of the effects of mutations in HIV-2 PBS
on efficiency of initiation of reverse transcription
Genotypea

Time
GFP/R-U5 c
After
(% ± SE)
Infectionb

Adjusted
GFP/R-U5d

Initiation
Efficiency
(% ± SE)e

dhGFP-Hy

1h
2h

3.3 ± 0.4
19.7 ± 0.8

0
0

0
0

dh2PBS

1h
2h

85.2 ± 3.3
92.5 ± 2.2

81.9 ± 3.3
72.8 ± 2.2

100
100

NA

H1

1h
2h

7.0 ± 0.5
22.8 ± 2.2

3.7 ± 0.5
3.1 ± 2.2

4.5 ± 0.7
5.1 ± 2.4

20.9

H2

1h
2h

7.4 ± 1.3
28.1 ± 2.2

4.1 ± 1.3
8.4 ± 2.3

5.0 ± 1.6
11.6 ± 3.1

14.3

H1H2

1h
2h

93.1 ± 5.0
88.4 ± 10.5

89.9 ± 5.0
68.7 ± 10.5

109.7 ± 6.0
94.5 ± 14.3

1.0

H3

1h
2h

15.7 ± 1.0
32.9 ± 1.6

12.4 ± 1.0
13.2 ± 1.5

15.1 ± 1.2
18.0 ± 2.2

6.1

H4

1h
2h

20.3 ± 1.1
36.3 ± 3.1

17.0 ± 1.1
16.6 ± 3.1

20.7 ± 1.4
22.8 ± 4.2

4.6

H3H4

1h
2h

81.9 ± 3.5
80.6 ± 5.5

78.6 ± 3.5
60.9 ± 5.5

95.9 ± 4.3
83.6 ± 7.6

1.1

H5

1h
2h

13.2 ± 1.7
31.5 ± 3.7

9.9 ± 1.7
11.8 ± 3.7

12.0 ± 2.0
16.3 ± 5.1

7.2

H6

1h
2h

16.3 ± 1.3
31.6 ± 1.9

13.0 ± 1.3
11.9 ± 1.9

15.8 ± 1.6
16.3 ± 2.6

6.2

Avg. Fold
Decrease in
Initiation
Efficiency
NAf

H7

1h
21.6
6.9 ± 1.1
3.6 ± 1.1
4.3 ± 1.4
2h
23.3 ± 1.0
3.6 ± 1.0
5.0 ± 1.4
a
The genotypes of the vectors and the mutants are shown in Figs. 1 and 8, respectively.
b

Real-Time PCR analysis was performed 1 or 2 h after infection of target cells.
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c

The GFP/R-U5 percentages were calculated as follows: four independent infections

were performed and the copy numbers of the R-U5 and GFP products were determined
by quantitative real time PCR analysis as described in the Materials and Methods. The
ratio of the GFP and R-U5 copy numbers provides a measure of the efficiency of
initiation of reverse transcription at the 3´ PBS relative to the 5´ PBS.
d

The %GFP/R-U5 percentages detected for GFP-Hy 1 and 2 hr post-infection were

subtracted from corresponding percentages for all other vectors to adjust for background
signal generated by initiation at the 5´ PBS.
e

Initiation efficiency was measured relative to the wild-type HIV-2 PBS present in the

dh2PBS vector as follows: 100% × Adjusted %GFP/R-U5 for mutant ÷ Adjusted
%GFP/R-U5 for dh2PBS.
e

Fold decrease in initiation efficiency is defined as 100% ÷ Adjusted GFP/R-U5%.

f

NA = Not applicable.
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FIG. 1. Structures of vectors, predicted secondary structures of HIV-1 and HIV-2 PBS
regions, and sequence homology comparison of HIV-1 and HIV-2 PBS regions.

(A)

Structures of HIV-1-based vectors. Both vectors contain HIV-1 LTRs, PBS, and ppt.
GFP is expressed from the HIV-1 LTR promoter, and hygro is expressed from IRES.
Vector dhGFP-Hy has only a 5´ PBS derived from HIV-1 (open box between 5´ LTR and
GFP). Vector dh2PBS has an additional 3´ PBS fragment derived from HIV-2 (striped
box between GFP and IRES hygro). The 3´ PBS fragment consists of 129 nt of the HIV2 U5 (dotted line labeled U5´), 18 nt of HIV-2 PBS (striped box) and 77 nt of 5´
untranslated leader from HIV-2 (dotted line). (B) Comparison of predicted secondary
structures of HIV-1 and HIV-2 PBS regions in complex with tRNALys3. For tRNA, only
nucleotides interacting with genomic RNA are shown; the rest of the sequence is
indicated by thin line.

Thick line connects different parts of genomic RNA.

The

numbers at the base of each predicted structure refer to nucleotide positions in the HIV-1
and HIV-2 genomes, starting at the beginning of the 5´ R regions. The circled nucleotide
within HIV-2 PBS indicates mutation introduced into HIV-2 ROD10 sequence to make it
identical to PBSs from other HIV-1 and HIV-2 isolates. The tRNALys3 TΨC loop (TΨC),
anticodon loop (AC) and D loop (D) are labeled. Modified bases in tRNALys3 are defined
as follows: S, 5-methoxycarbonylmethyl-2-thiouridine; Cm, methylcytidine; Tm, 2´-Omethyl-5-methyluridine; Ψ, pseudouridine; Am3, 1-methyladenosine.

(C) Homology

comparison of HIV-1 (top line) and HIV-2 (bottom line) nucleotide sequences in the
vicinity of the PBS regions. The HIV-2 sequence shown is of the fragment used to
generate the dh2PBS vector and consists of the U5 region, PBS, and 77 nt of 5´
untranslated leader. The homologous HIV-1 sequence shown indicates that 49% of the
nucleotides are identical (vertical lines). The boxed sequences indicate 18-nt of PBS and
the underlined sequence represents the att site. The black and white arrowheads indicate
the sequences that form the predicted secondary structures of HIV-1 and HIV-2 shown in
B, respectively. The mutated nucleotide 310 is circled.
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FIG. 2. Reverse transcription of vectors containing 2 PBSs. Thin lines indicate genomic
RNA, thick lines indicate newly synthesized DNA, and dotted lines indicate HIV-2derived sequences. Partial cloverleaf symbol represents tRNA used to initiate DNA
synthesis. White boxes represent 5´ or 3´ PBS. Arrows show the direction of DNA
synthesis. Unique 5´ region (U5), unique 3´ region (U3), and repeat region (R) form the
HIV-1 LTR. Unique 5´ region of the HIV-2 LTR is indicated as U5´. (A) Initiation of
reverse transcription at the 5´ PBS, followed by completion of normal reverse
transcription, results in the formation of a GFP-positive proviral structure. (B) Initiation
of reverse transcription at both 5´ and 3´ PBS regions can result in the formation of a GFPminus proviral structure (See Results for detailed description).
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B.

117

FIG. 3. Experimental design. To analyze replication of HIV-1-based vectors, plasmids
coding for dhGFP-Hy or dh2PBS vector, gag-pol, and VSV-G envelope were
cotransfected into 293T cells. Virus was collected and used to infect HeLa-tat-III cells,
which expressed tat protein and facilitated transcription from the HIV-1 promoter. Cells
were subjected to hygromycin drug selection until resistant colonies were formed.
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FIG. 4. Flowcytometry and Southern blotting analyses. (A) Representative
flowcytometry analysis of HeLa-tat-III cells infected with dhGFP-Hy (left panel) or
dh2PBS (right panel) viruses. Infected cells were selected for resistance to hygromycin,
and pools of resistant cells were analyzed for expression of GFP. Average proportions of
GFP-negative cells determined in 5 independent experiments are shown. At least 5,000
events were analyzed in each experiment. (B) Structures of proviruses and sizes of
corresponding bands. SacI restriction sites (S) and location of the hygro probe (black
bar) are shown. Digestion of GFP-positive proviral structures is expected to generate a
4.9-kb band and digestion of the GFP-minus proviral structure is expected to generate a
2.8-kb band. (C) Southern blotting analysis of single cell clones infected with dh2PBS
virus. Analysis of six single cell clones that were non-fluorescent (GFP-negative) and six
clones that were fluorescent (GFP-positive) is shown. (D) Southern blotting analysis of
pools of cells infected with dhGFP-Hy and dh2PBS viruses. Proportions of the GFPminus proviruses among all proviruses were quantified for five independent infections by
PhosphorImager analysis and are shown as a percentage below each lane.
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FIG. 5. Quantitative real-time PCR analysis. (A) Experimental protocol. Stable cell lines
were generated by co-transfection of 293T cells with pCV1 and vector DNA, followed by
selection for resistance to hygromycin. After transfection with VSV-G envelopeencoding plasmid and a helper construct, virus was collected and treated with DNase I to
reduce the possibility of DNA contamination from producer cells. Infections were
performed for 0, 1, 2, and 6 hours and total cellular DNA was isolated for real-time PCR
analysis. (B) Locations of real-time PCR primer-probe sets are shown above the
structures of dhGFP-Hy and dh2PBS vectors. The early products of reverse transcription
that could form before minus-strand DNA transfer are represented as arrows below the
structures of dhGFP-Hy and dh2PBS vectors. (C) Comparison of relative amounts of
reverse transcription products determined 1, 2, and 6 hours after infection of 293T cells.
The amounts of DNA products determined after dhGFP-Hy infection (white bars) and
dh2PBS infection (black bars) are shown. Four independent experiments were analyzed
and each DNA sample was analyzed by real-time PCR three times. The average copy
numbers of various DNA products determined were expressed as a percentage of the
DNA products determined by the R-U5 primer-probe set. The error bars represent the
standard error of the mean.
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FIG. 6. Predicted structure of tRNA-HIV-2 RNA complex and mutations introduced to
disrupt or restore specific features of the predicted structure. Portions of the tRNALys3
sequences not involved in interactions with genomic RNA are shown with schematic
hairpin structures. TΨC, TΨC loop; AC, anticodon loop; D, D-loop. Structures of
modified nucleotides are described in Fig. 1 legend. Substituted nucleotides are shown
with gray background.
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Summary and Future Directions
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A. Role of multiple initiations in viral life cycle.

The presented work describes the various aspects of replication of retroviral vectors
containing two PBSs. Using such vectors it has been demonstrated that virions of simple
retroviruses and of lentiviruses have the capacity to initiate reverse transcription more
than once. This finding indicates that a virion has no intrinsic blocks for formation of a
second initiation complex. Therefore, it is conceivable that reverse transcription may be
initiated on both of the co-packaged genomic RNAs. This possibility has important
implications for our understanding of the life cycle of retroviruses.
Recombination between two copackaged RNAs occurs during reverse transcription
through intermolecular template switching, which is observed with similar frequencies
during minus- and plus-strand DNA transfer (Bowman, Hu, and Pathak, 1998; Hu and
Temin, 1990). Recombination during minus-strand synthesis requires accessibility of the
second RNA strand. This RNA will not be available if initiation of reverse transcription
occurred on both of the copackaged RNA. On the other hand, template switching during
plus-strand DNA synthesis requires that both RNAs were copied into DNA during minusstrand DNA synthesis and, therefore, dual initiation in a virion.

The fact that

recombination has been observed during both minus- and plus-strand DNA synthesis
indicates that both of these scenarios occur during viral replication. This is consistent
with our finding that the efficiency of PBS utilization is less than 100%, but high enough
to generate a significant number of virions with more than one initiation.
Recombination is an important process, which provides variation necessary for
viruses to evolve and evade the immune system of the host. Recombination during plusstrand DNA synthesis results in a mixed genome only if post-integration repair process
removes the original (negative) DNA strand. Therefore, it cannot explain the existence
of virions with more than one initiation because it does not provide an advantage for viral
replication. One possible explanation for initiation of reverse transcription on both of the
co-packaged RNAs may be the ability to generate two complete genomic DNAs, which
would increase the chances of a virion to successfully establish a provirus. Estimations
of efficiency of provirus formation indicate that only a small portion (1 in 20) of fully
synthesized HIV-1 DNAs result in a provirus (Butler, Hansen, and Bushman, 2001;
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Butler, Johnson, and Bushman, 2002). Therefore, synthesis of an additional copy of
genomic DNA may be beneficial for viral infectivity. In addition, if the initiation were
indeed a statistical event, which can be described by probability (as it was done in
Chapter III of this thesis), then very low efficiency of PBS would result in a large
proportion of virions that do not initiate reverse transcription at all and, therefore, are not
infectious.
Using mathematical modeling to determine the outcomes of reverse transcription of
MLV-based vectors with two PBSs, it was predicted in Chapter III that the efficiency of a
single PBS in simple retroviruses is close to 40 %. This efficiency is very close to the
estimations of occupancy of PBSs in wild-type ASLV and MLV (Fu et al., 1997; Peters
et al., 1977). This suggested that the placement of tRNA onto genomic RNA represents
the limiting step for initiation of reverse transcription. Interestingly, two of the viruses
used in the studies above, MLV and HIV-1, use radically different strategies for tRNA
packaging and placement. In MLV, tRNA is not specifically packaged into virions and is
placed on PBS by NC (Fu et al., 1997). In HIV-1, tRNALys3 is concentrated 10-fold
during virus assembly and its placement depends on the presence of RT (Liang et al.,
1997; Mak et al., 1994). Yet, the initiation efficiency in these two viruses, measured
using vectors with two PBS, was almost identical. One possible explanation for this
observation may be that the observed efficiency of PBS utilization has been specifically
selected during evolution and is advantageous for both viruses. As it was described
above, initiation of reverse transcription on only one genomic RNA should increase the
frequency of recombination on one hand and decrease the infectivity on the other.
Therefore, viruses could have evolved to possess suboptimal PBS efficiency to balance
these two important parts of their life cycle.
B. Role of secondary structures of PBS-containing regions

An important finding of these studies is the fact that viral proteins of MLV, SNV and
HIV-1 were able to efficiently utilize PBS of a different virus. The functionality of PBS
depends to a large extent on the formation of specific secondary structures, which involve
sequences around PBS (Aiyar, Ge, and Leis, 1994; Beerens and Berkhout, 2000; Beerens,
Groot, and Berkhout, 2000; Cobrinik et al., 1991; Cobrinik, Soskey, and Leis, 1988;
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Murphy and Goff, 1989). The primary sequences of the PBS-surrounding regions of the
tested virions vary significantly and demonstrate very little homology to each other. On
the other hand, the secondary structures formed by these sequences are similar, with two
stems, U5-IR and U5-leader, being the most reproducible features (p.15). Therefore, it
can be concluded that the viral proteins responsible for correct placement of primer tRNA
and initiation of reverse transcription recognize secondary structures, but not the primary
sequence of the RNA. This conclusion is supported by the data presented in Chapter IV,
where the correct formation of U5-IR stem in HIV-1 was shown to be more important for
initiation than the primary sequence of the U5 region. It should be noted, however, that
despite the similarity of PBS-surrounding secondary structures, they possess a significant
degree of variation. For example, the U5-IR stem of MLV is significantly longer than
that of SNV, while HIV-1 has a large region, which is not involved in stems and is
missing in HIV-2 (Fig. 5 on p. 15). This raises the question of specificity of interactions
between viral proteins, such as RT or NC, and viral genomic RNA. Which features are
recognized and how flexible is the recognition process? Additional experiments are
necessary to answer this question in full detail, but the results presented in this work can
be used to speculate that RT has low specificity for recognizing a proper tRNA-primer
complex and can use any 3´-OH to initiate reverse transcription.
The specificity of initiation, therefore, would be determined by the placement of the
primer tRNA on the proper initiation site. It is possible that the specific secondary
structure adopted by PBS-surrounding regions is optimized to interact with incoming
tRNA in a way, which is significantly distinct from that of all other sequences in the viral
genome. In both of the above studies, the two viruses in question used the same tRNA to
inititate reverse transcription. Their PBS-containing regions were optimized to interact
with the same primer tRNA, although in slightly different ways (resulting in somewhat
different secondary structures). Similar efficiency of tRNA placement would explain the
similar efficiencies of initiation observed at the 5´ and the 3´ PBS.
It would be of interest to create vectors with two PBSs, which were derived from
viruses that use different tRNAs as primers. This would allow us to answer many
questions about tRNA placement and usage specificity as well as about relative
efficiencies of tRNA-PBS interactions. In addition, the importance of specific tRNA
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packaging during virion formation could be analyzed for different viruses. As an
example, it would be very interesting to create vectors with one PBS derived from MLV
and the other – from HIV, because (as it was mentioned above) their tRNA packaging
and placement mechanisms are very different.
C. Quantitative system to measure PBS function

It was demonstrated that the activities of the two PBSs present in a single vector
could be quantitatively compared. As described in Chapter IV, it is possible to use one of
the PBSs as a reference to study the relative efficiency of the other PBS. This has been
utilized to measure the effect of several mutations in the HIV-2 PBS-containing region on
its initiation efficiency. The system is very specific for the initiation process and
eliminates the possibility that introduced mutations affected other viral functions, such as
RNA packaging or plus-strand DNA transfer. The obtained results were very
reproducible and correlated with findings from many other laboratories, indicating the
biological relevance and applicability of the assay. Now, additional mutations can be
introduced into HIV-2 PBS in the context of the dh2PBS vector to further study the
importance of different sequences and secondary structures of this region for RT
initiation. Also, similar systems may be generated in the future to study PBS-containing
regions of other viruses.
It should be noted that the described 2PBS-vector system has certain limitations,
which should be taken into account when designing vectors for future studies. One such
limitation is the background GFP signal, which appears not through initiation at the 3´
PBS, but through minus-strand DNA transfer and extension of RT complexes that started
DNA synthesis at the 5´ PBS. In the future, this background signal can be eliminated or
greatly reduced by creating vectors, which lack the 3´ R. In these vectors, the minusstrand DNA transfer should be very inefficient. The absence of the background signal
will result in more accurate and quantitative data. In addition, in the absence of minusstrand DNA transfer, the assay will not be limited to very early time points after infection
and may be allowed to proceed for longer periods of time. This should allow
measurements of initiation in mutants with severe defects in initiation, improving the
range of the mutation effects, which can be analyzed quantitatively.
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Another limitation of the assay in its current form is the fact that 5´ (and not 3´) PBS
has to be used as a control in mutation studies. If the 3´ PBS were used as a control, then
the RT complexes originating at the 3´ PBS would generate a very high background for
R-U5 signal, obscuring the measurements of initiation efficiency at the 5´ PBS. This
problem, however, may be avoided in the future by placing a PBS with very low (yet
detectable) efficiency at the 3´ location. Such PBS could still be used as an internal
control, but would not generate a high background signal. Such PBS with low efficiency
has been created in this study, by introducing mutations H1, H2 or, best of all, H7 into
HIV-2 PBS-containing region. These vectors, therefore, can be used in the future as a
starting point to study initiation at the 5´ PBS (HIV-1 PBS).
D. Remaining questions

As with any scientific study, many questions were left unanswered and many more
were raised by the obtained results. One such question is whether the results obtained
with vectors containing two PBSs can be applied to wild-type virus. On one hand, the
presence of additional PBSs may increase the chances of forming a functional initiation
complex, which would lead to overestimation of wild-type virion’s initiation capacity.
On the other hand, the additional PBSs could compete for a limiting factor necessary for
initiation and, therefore, the obtained results may underestimate the frequency of PBS use
in the wild-type virus. The most likely factor to limit the initiation capacity of a virion is
the availability of primer tRNA. Therefore, additional experiments are necessary to
investigate and compare the mechanisms of primer tRNA selection and placement in the
wild-type as well as in the 2PBS-containing vectors. For example, it is known that in
HIV-1, packaging of primer tRNALys3 into virion can be improved by overexpression of
the tRNA. If the availability of primer tRNA in a virion limits its initiation capacity, then
overexpression of tRNALys3 should lead to increased initiation. This can be easily
detected by an increase in the proportion of GFP-minus proviruses in infected cells.
Additional experiments are also necessary to distinguish between the effects of
mutations in HIV-2 PBS-containing regions on tRNA placement and on recognition of
the tRNA-PBS complex by RT. A tRNA-placement assay has been described previously
(Fu et al., 1997) and can be used to measure tRNA placement in the vectors described in
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Chapter IV. The effect of additional PBSs in viral genome, as well as effects of primer
tRNA overexpression, on tRNA placement can also be tested using this protocol.
The mathematical model described in Chapter III needs to be tested further. It can be
used to predict ratios of proviruses in cells infected with HIV-based 2PBS vectors,
containing wild-type as well as mutant HIV-2 PBS regions. The actual ratios can be
easily determined by Southern blotting analysis of DNA isolated from cells infected with
these constructs. If the model is shown to accurately predict internal PBS efficiency
based on the frequency of GFP-minus proviruses in infected cells, then a high-throughput
assay may be created to screen initiation efficiencies of multiple 3´ PBS mutants.
Finally, the question of specificity of minus-strand DNA transfer needs to be
addressed. While both intra- and inter-molecular transfers are known to occur (Hu and
Temin, 1990), their relative frequencies still remain unknown, mostly due to the fact that
the final outcomes of reverse transcription either cannot distinguish between these two
scenarios or rely on random co-packaging of two different RNAs. The system described
in this study relies on virions with two identical copies of genomic RNA, yet the outcome
of the reverse transcription depends on the mode of minus-strand transfer (see Chapters II
and III for details). Especially promising is the formation of the 3GFP structure (Chapter
III), which requires intermolecular strand transfer. The structure is known to form during
reverse transcription (data not shown), but additional experiments are necessary to
measure the rate of its fomation quantitatively and to determine the relationship between
this rate and the rates of inter- and intra-molecular minus-strand DNA transfers.
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Appendix
Detailed Description of Construction of Plasmids Used in the Thesis
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A. Construction of Plasmids
MLV-Based Plasmids

The MLV-based vectors were derived from pLAEN, which was a kind gift from A.
D. Miller (Adam et al., 1991). The 5´ and 3´ LTR regions of the pLAEN vector were
derived from Moloney murine sarcoma virus (MoMSV) and MLV, respectively (Miller
and Rosman, 1989). All vectors contained neo, which was expressed from IRES.
Plasmid YV11 was constructed by insertion of GFP-containing fragment of pGL1
(digested with NotI) into NruI site of pCH-L1. To construct pYV13 a PCR-based
protocol was used to delete the 3’-PBS. First, large portion of 3’-LTR and the PBS
duplication region were deleted by cutting YV11 with XbaI and BstZ17I and inserting a
polylinker containing XbaI, NotI, MluI, XhoI and BstZ17I restriction sites, which was
generated by annealing of two synthetic oligonucleotides Link-F (5’-CTAGAGCGGCCG
CACGCGTCTCGAGTA-3’) and Link-R (5'-TACTCGAGACGCGTGCGGCCGCT-3').
The resulting plasmid was named YV12. Then 3’-LTR was PCR amplified with forward
primer YV11-4230F (5'-GCGGTCCAGCCCTCAGCAGTTTCTAGAG-3') located
upstream of U3 and reverse primer YV11-4520R (5'-CGGCGGACGCGTAATGAAAG
ACCCCCGC-3') located at the exact 3’-end of U5. The reverse primer had MluI site at
the 5’-end, thus introducing this site into the PCR product. pYV11 and PCR product
were cut with XbaI and MluI and ligated regenerating the 3’-LTR, but not the PBS
sequence. The resulting plasmid was called pYV13. The amplified region was
sequenced to confirm the absence of additional mutations.
Vectors pYV13mut (also called YV14) and pS-2PBSmut were derived from pYV13
and pS-2PBS and contained substitution of the 5´ TGG nucleotides of the PBS with
ACC. The mutagenesis was performed by 2-step PCR. First the PBS region was
amplified with primers U5-GA1-100F (5'-AAATTCGCGGGCTTCTGCCTCTTAGACC
-3') and PBS-MutR (5’-CCAAATCCCGGACGAGCCCGGTAATGAAAGACC-3’) and
in a separate reaction with primers PBS-MutF (5’-GGTCTTTCATTACCGGGCTCGTC
CGGGATTT GG-3’) and U5-GA1-950R (5'-GTTGCGGCCGGGTGTTCAGAACTCG3'). Then the products of two reactions were mixed and amplified with primers 100F and
950R. The resulting product was cut with SacII and SpeI enzymes and ligated with
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similarly digested pYV13 and pS-2PBS to generate pYV14 (same as pYV13mut) and pS2PBSmut. The presence of the desired 3-bp substitution and the absence of undesired
mutations were confirmed by DNA sequencing.
The spleen necrosis virus (SNV) U5-PBS-leader region was PCR amplified from
pJD214 (Dougherty and Temin, 1986) using primers S-PBS-F (5'-AAAAGGCCTTTTA
TTGGCAGTGAGAGGAGATTTTG-3') and S-PBS-R (5'-CCGGAATTCCGGCGCCG
GAGTTCGAAGAAAG-3'). The amplicon included the entire SNV U5 region (92 bp),
18 bp of the PBS, and 37 bp of the leader sequence and was cut and inserted into EcoRI
and StuI sites downstream of GFP in pYV13 and pYV13mut to form S-2PBS and S2PBSmut, respectively.
Vectors pYV20 and pYV21 were generated as follows. SNV PBS-leader region was
generated by annealing two synthetic oligonucleotides SPBS-F (5’-CCATggT ACAACA
TTTgggggCTCgTCCgggATACCCTCCCCATCggCAgAggTgCCAACTgCTTCTTCg3’) and SPBS-R (5’-AATTCgAAgAAgCAgTTggCACCTCTgCCgATggggAgggTATCC
CggACgAgCCCCCAAATgTTgTACCAtgg-3’). The resulting linker was ligated with
EcoRI and StuI digested pYV13 and pYV14 to generated pYV20 and pYV21,
respectively.
HIV-Based Plasmids

All HIV-1-based vectors were derived from pHR´CMVLacZ, which was a kind gift
from Dr. Inder Verma (Salk Institute) (Naldini, 1996). HIV-2 sequences were derived
from HIV-2 ROD10 variant (Berkhout, 1993). All vectors contained a hygromycin
phosphotransferase B gene (hygro) (Gritz, 1983), which was expressed from an internal
ribosomal entry site derived from encephalomyocarditis virus (IRES) (Jang, 1988).
To construct pKD-GFP-IN, ClaI-XhoI fragment of pHR´CMVLacZ was replaced
with GFP, IRES, and neomycin phosphotransferase (neo) (Jorgensen, 1979). The final
structure of GFP-IRES-neo cassette was similar to that described previously (Zhang,
2002). IRES and neo were then removed by EcoRI-KpnI digestion and the plasmid
backbone was used to insert an IRES-hygro cassette obtained by digestion of pLW1
(Julias, 1997) with PvuI and ClaI. The resulting plasmid was called phGFP-Hy. To
construct vectors with 2 PBSs, U5-PBS-leader sequence of HIV-2 ROD10 was PCR-
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amplified in two steps. First, the U5-PBS region was amplified with forward primer
ROD10-F (5´- GGAATTCAGTTAAGTGTGTGCTCCCATCTCTCC-3´) and reverse
primer HIV2-PBS-R (5´-CTTCAAGTCCCTGTTCGGGCGCCAACC-3´) and the PBSleader was amplified with forward primer HIV2-PBS-F (5´-GCAGGTTGGCGCCCGAA
CAGGGACTTG-3´) and reverse primer ROD10-R (5´-GGGGTACCCGGGCACTCCGT
CGTGGTTTGTTCC-3´). In the second step, the two PCR products were joined by
mixing and amplifying with primers ROD10-F and ROD10-R. The primers HIV2-PBS-F
and HIV2-PBS-R introduced a C310T mutation in HIV-2 PBS. ROD10-F and ROD10-R
primers were designed to contain an EcoRI and a KpnI site at the 5´ end, respectively.
The PCR product was digested with EcoRI and KpnI and inserted in corresponding sites
in pKD-GFP-IN, removing the IRES-neo sequences. The resulting plasmid was called
pHIV-PBS. The IRES-hygro cassette obtained by digestion of pLW1 with PvuI and
ClaIwas inserted back into SmaI site downstream of the HIV-2 PBS region, resulting in
ph2PBS.
The vectors pHIV-MUT and pHIV-2PBS-Mut contained TGG to ACC mutation in
HIV-1 PBS and were constructed as follows. HIV-1 PBS was amplified in two steps. In
the first step the PBS was amplified in two separate reactions, one with primers HIV1980 (5’- GAATTTTTTCCCATCGCGATCTAATTC–3’) and HIV1-Mut-R (5’- CAA
GTCCCTGTTCGGGCGGGTCTGCTAGAG–3’) and the other with primers HIV110680 (5’-CCTGAACCTGAAACATAAAATGAATGC–3’) and HIV1-Mut-F (5’CTCTAGCAGACCCGCCCGAACAGGGACTTG–3’). The products of these two
reactions were mixed and joined by amplification with primers HIV1-10680 and HIV1980. The resulting product was digested with HpaI and NruI enzymes and ligated with
similarly digested pHIV-GFP-HY and pHIV-2PBS to generate pHIV-MUT and pHIV2PBS-Mut, respectively.
To remove CMV promoter from phGFP-Hy, phMut, ph2PBSmut and ph2PBS, the
vectors were digested with SalI and ClaI and ligated with NotI fragment derived from
pGL1 (Gibco) that encoded GFP. The resulting plasmids were named pdhGFP-Hy,
pdhMut, pdh2PBSmut and pdh2PBS, respectively.
Mutants of HIV-2 U5-PBS region were generated using PCR mutagenesis. Briefly,
the region was amplified with Taq polymerase (Takara) using two sets of mutagenic
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primers, and subcloned into pPCR-Script vector by blunt-end ligation (Stratagene)
according to manufacturers' specifications. The presence of the desired mutation was
confirmed by sequencing. The outside primers were designed to introduce XmaI sites at
both ends of the PCR product. dh2PBS plasmid was digested with EcoRI to produce
three fragments: 9485 bp backbone, 841 bp Ires fragment and 571 bp HIV-2 PBS
fragment. ClaI-XmaI linker was generated by annealing two synthetic oligonucleotides
CX-Link-F (5´-AATTATCgATCCCGGG-3´) and CX-Link-R (5´-AATTCCCgggATC
gAT-3´) and ligated with the backbone fragment, regenerating EcoRI site downstream.
The 841 bp Ires fragment was inserted back into the EcoRI site, resulting in plasmid
dh2PBS-Xma2. Mutated PBS sequences were cut out from PCR-Script-based plasmids
with XmaI and inserted into XmaI site of dh2PBS-Xma2.
The outside primers P-Mut-F (5´-TCCCCCCGGGGGGAGTTAAGTGTGTGCTCC-3´)
and P-Mut-R (5´-TCCCCCCGGGGGGATCCTgCAgCCCgg-3´) were used in
combination with the following primers:
To make mutant M1 (re-named to H5):
M1-F (5´-CACCTgAgTAACAAgAgggAggTCTgTTAg-3´) and
M1-R (5´-CTAACAgACCTCCCTCTTgTTACTCAgg-3´)
To make mutant M2 (re-named to H1):
M2-F (5´-gACCCTggTCACAAAggACCCTTC-3´) and
M2-R (5´-gAAgggTCCTTTgTgACCAgggTC-3´)
To make mutant M3 (re-named to H3):
M3-F (5´- ACCCTTCTTCgAATgggAAACCgAg-3´) and
M3-R (5´-CTCggTTTCCCATTCgAAgAAgggTC-3´)
To make mutant M4 (re-named to H4):
M4n-F: (5´-CTTTgggAAACCgTTCgAggAAAATC -3´) and
M4n-R: (5´-ggATTTTCCTCAgACggTTTCCCA-3´)
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To make mutant M5 (re-named to H6):
M5-F: (5´-CgAggCAggTTTTTCCCTAgCAg-3´) and
M5-R: (5´-CTgCTAgggAAAAACCTgCCTCg-3´)
To make mutant M6 (re-named to H2):
M6n-F: (5´-ggAAAATCCCTTTgTggTTggCg-5´) and
M6n-R: (5´-gCgCCAACCACAAAgggATTT-3´)
To make mutant M7 (re-named to H7):
M7-F: (5´-CCTAgCAggTACCCgCCCg-3´) and
M7-R: (5´-TTCgggCgggTACCTgCTAg-3´)
To make mutant M3M4 (re-named to H3H4):
M3M4n-F: (5´-TCTTCgAATgggAAACCgTTCgAggAAAATCCCTA-3´) and
M3M4n-R (5´-CTCgAACggTTTCCCATTCgAAgAAgggTCC-3´)
To make mutant M2M6 (re-named to H1H2):
M2M6n-F (5´-TTCTTgCTTTgggAAACCgAggCAggAAAATCCCTTTgTggTTggCg3´) and
M2M6-R (5´-CCTgCCTCggTTTCCCAAAgCAAgAAgggTCCTTTgTgACCAgggTC)
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